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PREFACE

A workshop on aircraft electric secondary power was held at the Lewis
Research Center of the NationalAeronautics and Space AdministraLionon
September 14 and 15, 1982. The purpose of this workshop was to discuss the
technologiesrelated to aircraft power systems with a view toward aircraft in
which all secondary power is supplied electrically. Fifteen talks were given
in the areas of power systems, machine technology,components, and controllers

• by both industry and government personnel. Group discussionswere then held
to obtain input from all of the attendees on technology status and direction.
The general topics to be covered in the workshop were selected by Lewis per-
sonnel and the speakers were invited by Lewis to participate. Approximately

_ 80 people from government and industry attended the workshop.
The papers included in this proceeding were obtained by taping each

i-_ speaker's presentation,transcribingthe tape, heavily editing the transcrip-
tion to change it from a spoken to a written format, and including the

"_ speaker's Vu-graphs as figures. The final section is a summary of the results
from the discussion groups.

&

i_ Anthony C. Hoffman
Workshop Coordinator
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400-Hz AIRCRAFT POWER-GENERATINGSYSTEMS - ADVANCING THE BASELINE

Timothy Glennon
Sundstrand Corp.

Rockford, Illinois 61128

The weight evolution of the 400-Hz hydromechanica]aircraft power-
generating system (f'Ig.i) began in 1945 when the specific weight was of the
order of 8 Ib/kVA. This weight has steadily decreased with various advance-
ments in particular technologies. Current hydromechanica]systems typically
weigh 1.3 to 1.4 ]blkVA. A 60-kVA system, including the generator and hydro-
mechanical drive as an integratedpackage, at present weighs about 71 lb. The
controls weigh about 9 lb and are getting to be a substantialpart of the power
system weight. Also over the years the reliability of hydromechanical systems
has improved, the logical result of many millions of hours of experience•

This paper covers two areas: today's benchmark system for the
75717671A310airplanes and future trends• The 757/7671A310 system represents
the commercial state of Lhe art and the direction in which Sundstrand is
headed, particularly in regard to weight reduction• Sundstrand introduced
microprocessorcontrol in an in-service system in the Boeing 767 and was the
first to use databus communicationsbetween the controls. This paper briefly
discusses Sundstrand'splans to deve]op this technology. Much of the rest of
this conference is devoted to discussions of alternativ ways to produce and
use power in aircraft. Sundstrand has a few ideas to share with you about
that and about the integrated starter drive.

' 7571767/A310Systems - Today's Benchmark

The 757 and 767 are two-engine airplanes. Fhey have an integrateddriveI

generator (IDG) at each engine and an auxiliary power unit (APU) generator
. (fig. Z). All three generators are rated at 90 kVA.
: Figure 3, a one-line diagram of the 757/767 bus arrangement,shows the

number of components. There are three identical generator control units (GCU)
i and one bus protection control unit (BPCU). All of these control units use

: { the microprocessortechnology and communicate over the databus. A cnmplete
control system that is used in current aircraft is shown in figure 4, includingi
a number of current transformers (CT's). Boeing chose to have a completely

I protected bus system, including the tie bus, and so there are some additional
CT's.i

i Because of the microprocess system a new differentialprotection scheme ,
1 was implementedwherein the bus connections could be adjusted in real time if

there was enough CT information and enough communicationbetween units. It
was made possible by the microprocessor and the databus control.

Sundstrand introduced the microprocessorto aircraft power-generating
system control. Figure 5 is a block diagram of the generator control unit.
In this partlcular unit the voltage Is regulated with analog circuits, but
breaker contro3, protection, and built-in testing is controlled by an eight-bit
microprocessor. Sundstrand uses the 8085 Intel system in a standard configur-
ation with read-only memory, random access memory, independentwatch-dog con-
trol for the microprocessor,and some nonvolatilememory, which Is essential
to the built-ln test system. The built-in test system (BITE) for this par-
tJcular airplane Is a revolutionary system and the first of its kind.
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Historicallyspeaking, built-in testing has been an afterthought, it has
not worked very well because it simply has not been very accurate. With the
advent of the microprocessorSundstrand has been able to incorporate active
testing on a continuous and specific Oasis in order to address faults in the
system apd to isolate them on the basis of tests, not probabilities. The
microprocessor processes almost all of the system informationon a continuous
basis anyway. Sundstrand took advantage of that and used it for the built-in
test features. Any particular system malfunction is detected immediately,and
an isolation routine is included in the fault-clearingoperation. The non-
volatile memory is used to store the information. (For example, for the first
time we can seriously address problems such as intermittence.) This particular
system contains a bus protection control unit and an alphanumeric display,
which tells the flight-linemechanic in plain language exactly what is wrong,
what the fault is, and what the line-replaceableunit (LRU) is. Boeing has
found this to be very helpful in introducing the 767. Figure 6 shows, in a
bar-chart form, that historicallymany parts have been removed that turned out
not to be the problem. The common assumption is that systems consist only of
an IDG and a GCU. This fails to take into account the 15 or 20 other signif-
icant parts that can also fail (e.g., wiring connectors and coolers). A BITE
system that does not address those parts is inadequate. Therefore Sundstrand
tried to address many of those parts in this new system. As a result the
system should achieve a 95-percent confidence level in LRU identification-
based on testing and not probability.

Future Trends

4 A typical assumption is that hydromechanicalpower-generatingsystems
constitute a mature technology with little improvementpossible. Nothing could

._ be further from the truth. The technology is changing and being applied in
the same way as the technologies for other approaches. By 1987 the weight of

., a typical system should be down to 0.8 IblkVA. That is almost a 50-percent
reduction from 1977 levels (fig. 7).

" Weight reduction should come from the following technologicaladvance-
ments:

(1) Improved materials. Sundstrand is examining improvedmaterials
usage, particularly in the constant-speeddrive area. We are testi,g a
24 O00-rpm generator. Present generators run at 12 000 rpm, aridtherefore the
increasedspeed should result in some generator weight reduction.

Figure 8 is a sketch of a 24 O00-rpm two-pole generator that Sundstrand
is building. It gives some idea of the rotor construction. There is nothing
revolutionaryabout a two-pole machine: the idea certainly has been around
for a long time. Several other people are building them. We are trying to
build an extremely reliable one and we are spending some time to do that.

(2) Improvedelectromagneticpower density. Again, Sundstrand has been
a pioneer in improving the power density of the electromagneticsin aircraft
through spray-oil cooling and other means by integration into the system.
This activity is contiPuing. Recall from figure 1 that the generator control
unit is a significantpart (more than 10 percent) of the power system weight. , _
We think there is substantial room for improvementby using large-scale inte-

gratlon and increasingthe role of the microprocessor in the power-generating i
system.

(3) Large-scale integrationand expanded microprocessorrole. In the i
enerator control unit and the bus protection control unit, one of the obvious

mprovements is to include all of the system controls in the microprocessor.
Sundstrand has an active program to do that. The kinds of controls that are

2 i °"
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intended to be included are, for example, voltage regulation of the generator,
frequency control, all of the parallel-systemcontrols that might be used for
those aircraft that require a parallel system, _oad management, and configura-
tion management. In the 757/767 system Sundstrand began with load management,
through the bus protection and control unit. We actually do remove loads based '
on the system configuration. Some studies show that management of more of the
load system is desirable, and this can also be accomplished. In configuration
managementyou can observe what is happening and configure the system for your
particularmission arrangement. Any standard databus that is used on an air-
craft can be used to interface and communicate betwep'-Lne units. Also remote

display is probably an inevitabledevelopment si_e a central display is pre-
ferred over individualdisplays for each pic_ of equipment.

Figure 9 shows the architectureof a breadboard GCU that Sundstrand is
presently working with. It uses two 16-bit 8086 Intel microprocessors and is
an extremely powerful combination of equipment. However, it has fewer parts
than, for example, the KC-135 re-engine GCU's. This decrease in parts with an
increase in complexity is an expected resJlt of a digital approach. The input-
output conditioning is probably conventional. The two units are completely
independentbut can communicate back and forth and have their own local memor-

" ies, watch-dog timers, and so forth. If one unit fails, the GCU can still
operate to some extent with the other unit or use the other unit for other
purposes.

(4) Alternative power. Presently most systems have 400-Hz power with
some 28-V dc power. In 1918, Sundstrand suggested that 2000-Hz constant-

-. frequency power be used as a possible _pproach for weight reduction. A number
of aircraft have already been configured with double-voltage systems to reduce
distribution system weight. More and different kinds of direct-currentpower,
perhaps 270 V, 100 V, or just more 28 V, or maybe a mixture, could be used.

(5) Integrated starter drive. Sundstrand has been a pioneer in the fie1_
i of integratedstarter drives In the early Ig60's we introduced electric

starting for aircraft on the 727. At that time the engine was in the design
t stage. As the required thrust increased, the engine outgrew the capability of :'

•
the starter. Since that time we have been constantly studying this system and

• we feel that, with a simple change in the arrangement of the constant-speed
drive components, an integrated starter drive can start the toughest engines.

Figure 10 is a block diagram of one arrangementof a 150-kVA integrated
starter drive. In the start mode, alternating-currentpower is applied to the "

k motor-generator,which would accelerate as an induction motor by using a
patented static switch arrangementfor the rotor. At that point the hydraulic

i drive is feathered (i.e., no torque is being transmitted through the transmis-
sion). So the motor is completely unloaded. Once it is at speed, it is con-

vetted to a synchronousmotor, which has very high efficiency and certainly

i does not disturb the quality of power on the bus. The unit is then broughtinto stroke and the system can be started easily with working pressures not
exceeding 5000 psid, less than, for example, the two-per-unitpressures in the

hydraulic units and hence very conservative.Figure 11 shows how the 150-kVA integratedstarter drive system would _

i work with a _TgD engl_e, a tough-to-startengine. The drag-torque curves are

shown for 59 and -69 F. As you can see, the engine can be started hot or
cold, under any condition, in 25 seconds with a very reliable torque margin.

Figure 12 is a diagram of the integratedstarter drive system. Although
the number of CT loops could be reduced, the basic point of this diagram is

}
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that, with the exception of pressure, which is fed back from the hydraulic
units, and the real power limit, all of the control variables are normally
found in a parallel generating system. The system includes electronic control
of freq_ency (servovalve into the constant-speed drive area). This will be
more prevalent and allow for presynchronizedparalleling even in split-bus
systems.

In summary, then, I have attempted to share with you the state of the art
of the 757/767/A310hydromechanicalaircraft power-generatingsystems: that
Sundstrand has 1.3- to 1.4-lb/kVA systems in service, has introduceddatabus
communications,and has introducedthe microprocessor. Further substantial
weight reductions are possible, to 0.8 Ib/kVA in the foreseeable future. The
microprocessorcontrol is a powerful, flexible, dual 16-bit system that can
handle any parallel-generating-systemor starting arrangements that are envis-
ioned. And, of course, the BITE is a landmark system and will continue to be
so. Alternative forms of power are not excluded by considering this approach.
Higher frequency,higher voltage, and mixed direct-current power can be usqd
if needed. Finally, this system provides an extremely high torque margin for
reliable engine starting.

t

.i
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Figure 8. - Two-pole,24 000-rpm generator rotor,
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Description of Operation
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• V UnitStroked, Hydromechanical EngineStart
Up Controlled at 5,000 PSID

• Working Pressure Decreases With Increasing
Input Speed When in CSD Mode

_, Figure lO. - 150-kVa i_,tegratedstarter drive.
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HIGH-VOLTAGE (270 V) DC POWER-G_NERATINGSYSTEM FOR FIGHTER AIRCRAFI
i

Kevin M. McGinley "
Naval Air Development Center
Warminster, Pennsylvania 18974

The Naval Air DevelopmentCenter's high-voltage,direct-currentad_,,ced
-ower-generatingsystem will be used to retrofit current and future military
Aircraft.

Some of the reasons for choosing high-voltagedirect current are the
Following:

(i) Reduced weight in power-generating systems. Weight is reduced mainly
by eliminating the constant-speed drive through direct coupling. Also, the
Lse of more-efficient direct-current generators allows the peripherals, espec-

ally coolers, to be smaller and therefore lighter. Also, use of a flat-cable
onductor, rather than the conventional round conductor, increases current
ensity by increasing the busing area, and therefore reduces the amount of

opper, saving weight. The weight of avionic power supplies is reduced mainly
by using hlgh-frequencyswitching regulators.

(2) Increased efficiency. Efficiency has been increased to 85 to 90
percent by eliminating the constant-speeddrive.

_ (3) Elimination of power interruptionswith direct current. Load relays
can make contact with a second bus before breaking connection with the first.

_. (4) No speed restrictions. The main power generators operate between
:! 90_qOand 18 000 rpm.

(5) No powerline constraints.
(6) Increased personnel safety b_ eliminating the hold-on frequency,

present in ac systems, which causes muscle contractions.
_i ._yusing 270 V dc most aircraft loads can be kept below 2 A. This reduces

conductor size. The Naval Air Development Center (NADC) has 2-A power con-
_ trellers, which can be used for almost all of the aircraft loads.
_ The NAt ' advanced aircraft electrical system (fig. I) comprises three

s ab_.ystems:
(1) Power-generatingsubsystem. A 270-V, 43-kVA generator will be used,

i either a solid-rotor generater (new technology) or _ wound rotor. The choice
will depend on the results of in-house testing. The generator control unit

l (GCU), which acts as a normal regulator for the generator, also supplies fault
interruptionsignals to the bus contactor. This isolates the generator from
any 4ownstream faults. The bus contactor presently used has arc suppression
by nw_ansof ._s.:miconductorswitch. The semiconductorswitches on to suppress
the ,nitial a.c and then an electromechanicalrelay takes over. Power-
condltion_rg devices are used in retrofit aircraft to convert the 270 V to
existin 400-Hz, 115-V power or to 28-V power.

(2_ Solid-state electrical logic system (SOSTEL). This system is used i

il fo- power management. It comprises the main and redundant processors (Navy
AYK14 computer), solid-state switches or transducers,a multiplex system, power
controllers (used instead of electromechanicaldevices and circuit breakers to

_I saw_ weight), and a demultiplex system. The system built-in test unit (BITE)i mon_tors the r.unditionof the power controllers and the solid-state switches,
either the on-off condition or the fault condition. Under fault condition the

:"! processo:'sprovide either a redundant source of power or fault isolation.
(l)Genera]-purposemultiplex system. The 1553B databus is used as a

v_llL dai&I1nk between the aircraft avionic systems and the SOSTEL system.

:., 13
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Table I shows the status of hardware development. Most of the materi_l
is at NADC under _dvanced development or scheduled to be delivered. Some of
these due dates, especially the August 1982 dates, have been delayed 6 to 8
months because of funding constraints.

The NADC will be testing the solid-rotor generator within the next month
or so. The 500-W bidirectionalpower converter and the ground power monitor
h_ve been delivered. The flat power cable is under development. Again, 28-V
power cor,;rollershave been delivered and tested. The alternating-current
controllers have not been delivered. A 270-V, 1-hp brushless motor will be
tested shortly.

Figure 2 shows the 270-V dc solid-rotor generator. The regulator is large
because it was developed under funding that required few size constraints.
Tl.egenerator weighs about 65 lb.

Table II shows the power distribution. Under full-load conditions effic-
iency is 85 to 90 percent.

Figure 3 shows changes to be proposed in the power characteristiccurves
for military standard 704. The low limit will be raised from the standard 125
V to 175 V, and the hi§h limit _ill be lowered from approximately425 V to
350 V. Data for preli,,inarytesting on a solid-rotorgenerator are well within
those limits both under fulland low-load conditions. Further testing may in-
dicate that those limits can be brought to an even closer tolerance.

Figure 4 shows the hybrid bus contactor. It uses an electromechanical
relay, which is current technology, but includes the recent development of arc
suppressionwith semiconductorswitches. In the future, complete semi-
conductor circuit breakers may replace this contactor.

Figure 5 shows the dc-to-dc power converter. Full-load efficiency for a
3-kW unit is approximately80 percent. The power converter can go either from
270 V dc to 28 V dc or the reverse. It supplies an emergency source of power
by allowing the use of shipboard batteries. Its characteristicsare given in
table Ill.

Figure 6 shows a ground fau|t monitor. It integrates ground cart power
: to prevent getting transient power from the ground cart. When the ground cart

pnwer is within the range of military standard 704, the contact supplying
ground power to the aircraft closes.

Figure 7 shows a bus fault sensor. It supplies fault signals to the
SOSTEL system. It is not a switching unit but merely supplies the signals for
switching redundant power sources and fault isolation.

Figure 8 shows the flat conductor cable that will be used. This cable is
rated at 140 A. A round conductor containing a similar amount of copper would

'; be rated at about 80 A. So again, both weight saving and increased current
are achieved. NADC has found that because of insulationrestraints the use of
flat conductor cable ,s only feasible at 10 A and above. Average percent
weight savings (table IV and fig. g) are approximately24 percent on a metal
aircraft and 32 percent on a composite aircraft. The reason for the different
values is that the c_mposite aircraft uses the standard two--conductorsystem,
whereas the metal aircraft uses aircraft shielding as the ground return. The

L weight of a typical military aircraft could probably be reduced by approx-
_ imately880 lb.
C Figure 10 shows the 270-V dc controllers,which handle most of the air- i

craft loads that use the 270-V system. The controllers are approximately

_ 2-1/2 in. long, I-I/2 in. wide, and 3/4 in. thick. They weigh about 8 oz.Something new NADC I_ doing with this system is using con_)uter-aidedsta-
_ blllty analysis. The software (designated EASY) was developed by Boeing for i
_ the U.S. Air Force. Boeing has developed a high-voltagedlrect-current com- t
.... ponent library for NADC. This library mathematicallymodels different

14 i;"
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system components. Therefore different parameters can be input to study the
effect of transients on overall system stability.

Figure 11 shows the airframe/systemsimulator. The power controllers and
some of the SOSTEL system are already installedon it. It will be operational,
funding permitted, probably in late 1983.

The long-rangegoals of the NADC program are shown in table V.

t
i
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TABLE [. - AAES HARDWAR[ DEVELOPMENT STATUS

ITEM STATUS& REMARKS"
,11

4S KW270 V/)C WOUNDROTORGEN ADM SCHEDULED/)ELIVERYLUG 1912

45 KW 270 VOCSOLIDROTORGEN 6.2 MODELUNDERTEST,TRANSITIONSFY-13

90 KW 270 VDC[TBD] GEN A/)M DEVFY-84, ROTORTYPETBD

500 W BI-DIRECTIONALPWRCONV 21 V/)C",_'--=-270 V/)C A/)M UNDERTEST

3 XWPWRCONVERTER ADM UNDERT_T

10 KVA PWRCONVERTER 6.2 MODELUNDERTEST,TRANSITIONTBD

GROUNDPWRMONITOR A/)M UNDERTEST

GROUNDPWRCONVERTER ADM DEVCOMPLETE/)TESTSCHEDULEO"_-12

HYBRIDBUSCONTACTER(400 A) UNDER6.2 DEV,TRANSITIONSFY-83

FLATPWRCABLE UNDER6.2 DEV,TRANSITIONSFY-II3

SOSTELCONTROLGROUP FTMSCHEDULEDDELIVERYAUG 1982

28 VDC PWRCONTROLLERS ADM INSTALLEDIN SIMULATOR

115 VAC PWRCONTROLLERS A/)M SCHEDULEDDELIVERYAUG 1982

270 V/)C PWRCONTROLLERS 6.2 MO/)ELUNDERTEST,TRANSITIONSFY-12

TRANSDUCERSWITCHES A/)M TOGGLE,PROXIMITY,& PUSHBUTTONIN TEST
ROTARYTRANSDUCERSWITCHES ADM UNDERTEST

MIL-STD.1553DATAMUX A/)M UNDERTEST

SYSTEMLOADCENTER INITIATEADM O/V FY.14

•_ 270 V/)C EMERGENCYGEN INITIATEADM/)iV FY-14

BUSFAULTSENSORS INITIATEADM r,EVFY.IS

270 VDC BRUSHLESSMOTORS 6.2 EFFORTTRANSITIONSFY-IS

l

t |
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TABLE If. - 270-V dc SOLID-ROTORGENE_TOR (45 kW)

[Efficiency,-90 percent;MIL-L-23699oil; current,166 A.]

i V°Itage, S Fr°nt I Rear ICoolantlC°°lantV bea_ing bearlngI inlet outlet

; Te_erature, " F

270.05 g 076 110 110 68 78
270.03 g I_ I_ 140 71 81

• 270.03 9 245 166 156 76 88
270._ 14 300 200 190 75 90
270.00 14 _8 220 210 81 97
270._ 17 997 258 242 89 107

270.00 =18 100 270 248 87 92

dc dc Voltage,V Current,A Power,W Efficiency
voltage, current,

'i lO-kVAinverter

_I 2_ 11.5 116 116 116 7.25 7.25 7.25 8_ 8_ 8_ 0.89
2_ 22 115 115 115 14.5 14.5 14.5 16_ 1650 1650 ._
2_ 32.5 114.5 114.5 114.5 21.75 21.75 21.75 2500 2500 2500 .92
2_ 44 113.5 113.5 1i3.5 29 29 29 3300 3_0 3_0 ._

: Test data

270 10.5 116 116 116 7.25 7.25 7.25 850 850 850 0.90
270 20.5 115 115 115 14.5 14.5 14.5 1675 1675 1675 .91

270 30.5 114.5 114.5 114.5 21.75 21.75 21.75 2_0 2_0 2_0 .gl
270 40.5 114 114 114 29 29 29 32_ 32_ 32_ .89

| Efficiency

,_ 2_ I0.5 115.5 116 116 7.25 7.25 7.25 8_ 8_ 8_ 0.87
,_ 2_ 20 114.5 115 115 14.5 14.5 14.5 )700 1650 17_ ._

._ 2_ 29.5 114 114.5 114.5 21.75 21.75 21.75 2500 2500 2500 .91
2_ 39 115.5 114 114 29 29 29 3_0 3_0 3300 .91

!t
,t
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IABLE Ill.- CHAP._CTERISTICSOF BIDIRECIIONALPOWERCONVERTER

(a) Genera]characteristics

Inlet Inlet Outlet Outlet Efficiency,
voltage, current, _olt;ge, current, percent

V A V A

290 I.20 32.78 0 °-
270 1.21 32.56 0 --
240 1.23 31.89 O --
290 3.73 28.15 25 65
270 3.93 28.O1 25 66
240 4.32 2/.66 25 66
290 6.36 27.69 50 75
270 6.75 27.62 50 76
240 7.46 27.51 50 77
290 8.98 27.56 75 79
270 9.57 27.49 75 80
240 10.65 27°39 75 80
290 11.63 27.43 100 81
270 12.43 27.36 1OO 82
240 13.89 27°26 100 82

(b) Upn_decharacteristics

24 V dc 270 V dc Efficiency,

I percent

Voltage, Current, Power, Voltage, Current, Power,
V A W V A W

24.0 3.77 90.5 260.5 0.2 52.1 57.6
4.85 116.4 260.8 .3 78.2 67.2
7.25 174.0 261.0 .5 130.5 75.0
9.75 234.0 261.5 .7 183.0 78.2

12.4 297.6 261.8 ._ 235.6 79.2
13.7 329.8 261.9 1.0 261.9 79.4
16.4 393.6 261.9 1.2 314.3 79.8
17.8 427.2 261.9 1.3 340.5 79.7
19.2 180.8 262.0 1.4 366.8 79.6

L 20.0 480.0 262.0 1.45 379.9 79.2

_ 21.0 504.0 262.0 1.5 393.0 78.0

(c) _wflmodecharacterlstlcs

24 V dc 270 V dc Efficiency.
percent

Voltage, Current, Power, Voltage, Current, Power,
V A W V A W

28.0 0.5 14.0 270.0 0.10 27.0 51.8
27.9 1.94 54.1 .40 108.0 50.0
27.8 4.25 118.2 .60 162.0 80.0
27.6 7.30 201.5 .90 243.0 82.9

_; 27.4 9.80 268.5 1.20 324.0 8z.g

27 3 11.65 318.0 1.40 378.0 84.1 t27.2 13.30 361.8 1.60 432,0 83,7
27.2 15.00 408.0 1.80 486.0 83.9
Z7.1 15.40 417.3 _' 1.85 499.5 83.5 '

t ";

i

i
!

t
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TABLE IV. - WEIGHT ANALYSIS SUMMARYa

Metal alrcraft Composite alrcraft

Flat cable _eight saving, percent
!

High _22.0 [ +3].6

Medium +26.8 1 ,31.2
!Low -I + 4.5 -15.6

!Luw -2 -40.6 j -69.0

all all power runs abo,e I0 A in a typical
military aircraft were converted to fiat
cable, this would resu]t in a weight sav_ng

m of 880 lb.

" TABLE V. - LONC-RANGE GOALS OF NADC PROGRAM

"i FUNCTION CONVENTIONAL ADVANCED

i _ POWERGENEUTIOH 1151208VAC400HI 270VK
• POWERCGHVIISIOH TRANSM)IIMEII/IIECTIFIill DC.AC& DC-DCcoNY|rruls

. , BUSCOIITACTOIS [LECTIOMICHANIC#.I. S_'_LIDSTAT!
• PO_EI!BUS STRANDEDCABLE FIAT

__ * FUIXIIIUTY NONE PIIOGIAMMAIU

-t
• _ COIfl_OL&nOTECTION

i! * CONTROLSWITCHES ELICTIIOMICHAHICAL lOUDSTATi.LOCACUIVEL

• FEEDERPIOTICTIOH THERMAL/MAGNETICCll IRKII
• POW[IITHANSFII [LICTIOMECIIANICALBELAY SOUDSTATEPOWlllCONTIIOLLill

• LOADMANAGIMINT MANUAL& FIXED AUTOMATIC&rlIOGUMMAIUI i
• CONTROLWILING DIDICATED TIP& Hill OPTICS
• CONTIkOLDATATUNS. POINT-TO-POINT DIGITALMULTIPUIXID

! •• IUILT-IN-TIST NGN! 100% TOWU
•

- IliOUNDANCY LIMITID UNUMITID

I
PACIAGING IIACXIIOX MODULAR

19 , _
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Figure 2. - 270-V dc solid-rotor generator.

3501 _,,-- NADC,...o:lficatlon

: ; 325_" _,_NADC -60-IS-/SO,

30Ot 45-kWloadto \ \
F-- no Ioa:l -7 \ _ S- New ,'_IL-STD-/04

I,_x-,,ov,,' \ "L_____

_ 25o "
> _

IF _-,w,o..to/ /
__ no,_ //

-, p,/,,,17s I I } :0 .01 02 ,03 .01 ,05 06

Timefromons_loftransient,sec |
Figure3. - Transientres#:nw of ZIO-V(It:solid°

rotorgeneratorsystem,
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Fig,Jre 4. - 2SO-A, 270-V dc hybrid bus contactor.



Figure 6. - Z70-V dc power monitor.
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ADVANTAGES

ILOWERLINE INDUCTANCE FO|

DECREASED TRANSIENT VOLTAGES

INCIIEASED LINE CAPACITANCE FOil

• _.. DECREASED EMI RADIATION

CuNuu_""'"'--" LOWER CONDUCTOR WEIGHT
11/

/
INSULAI|ON_ _2#

Figure8. - Flatconductorcable,

All-compositeairframe -O

_, 30{--- /+1 "0_ All-metalairframe

_ { 1 I I I ,50 .....
0 50 100 150 200 250 )00

H_rnesssteady-statecurrent,A

Figureg. - Weighteffectso!flatcableversusroundca'_lein 210-Vdcp_er distribu- :
'- +, tionsystem.(Itall powerrunsabovetOAin theAWACSwereconvertedtoflat :

'_ cable,aweightsavingof880IbwouldresulL) ?
k
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THREE-PHASE, HIGH-VOLTAGE, HIGH-FREQUENCYDISTRIBLITED
BUS SYSTEM FOR ADVANCED AIRCRAFT

Robert C. Finke

National Aeronautics and Space Administration a
Lewis Research Center
Cleveland, Ohio 44135

The NASA Lewis Research Center is developing higher voltage, higher fre-
quency components for spacecraft. The technology is directly applicable to
aircraft power-generatingsystems except that aircraft systems are about an
order of magnitude 1_rg_r than spacecraft systems.

For th_s paper the followin_ _ umptions were used: The system is gen-
eric. Everything is powered from the generators, if all the switches were
turned on at once, the load would be 500 kVA. The distance from genu,:_or to
load tan be 250 ft. All generators and motors are i_hement!y alternating-
current machines. There is no such thing as a brushless direct-currentmotor.
It's an alternating-currentmotor with electronic commutation. There is also
no such thing as a direct-currentgenerator. Alternating-curr_ntgenerators
with rectifiers are used. All of the systems are inherentlyalternating cur-
rent, and anything else requires hardware to be added to the system.

Figure 1 shows the system model. The model is simple: It ha: a generator
and some level of current and voltage. The current and voltage multiply to-
gether to give the total power. All of the diodes, transistors, etc., are
represented in the circuit by a forward volta§e drop across the diode. There
is also resistance of the line, connectors, etc. And finally, the load.

Forward voltage drop in semiconductorsis relatively constant. It varies
from about i to 2 V depending on whether the semiconductor is a si,icon-
controlled rectifier or a transistor and on what kincs of voltages and currents
are going through it. But if _here are many diodes in _he line, as the system
voltage goes down, the wattage lost through forward voltage drop goes up (fig.

: 2). In a system with a large number of semiconductorsthe loss curve begins
to flatten out around 300 V. That is, the system losses due to all the semi-
conductors start getting appreciably lower.

For cable with a 2-percent loss, system weight increases significantly
(fig. 3). At about 50 V it becomes excessive. For this reason, and because
the semiconductor losses are lower there, high voltages would be preferred.
To be able to use higher voltages in power systems, semiconductordevices with
adequate ratings must be available.

The following components are available for use in aircraft p_wer-
generating systems:

(I) High-current power-switchingtransistor DYST (fig. 4). The DYST is
the successor to the D6OT, which Westinghouse is now producing under a NASA
contract. The D7ST features are a voltage of 400 to 500 V at a current up to
150 A, with 400-A peak, and power of 50 kW. Its rise and fall times are 0.75

; usec with a 4-psec storage time. It can therefore be used in a relatively
• | high-frequencyconverter to switch high power levels. Although it is a fairly i_

i,_ impressivedevice, it can be improved.!
_i 1 PRECEDING PAGE BLAHK NOT FILMED
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(2) Augnmnt_d pnwer transistor. This transistor is in the development
stage. The contract _pecifications are a voltage of 800 to 1000 V, current of
70 to 112 A (gain of I0) with a 400-A peak, power handling of 75 kW, power
dissipation of 1.25 kW at 75" C, rise and fall times of 0.5 usec, and storage
time of 2.5 _sec. This device can also be used in power inverters or switches
at high vo]tage and high power.

(3) Fast-recovery, high-voltage power diode. A 1200-V diode with a 50-A
forward current (fig. 5) has been developed by Power Transistor Corp. under
contract to NASALewis it is a fast diode, with reverse recovery time of 200
nsec. The applicat_uns in a system are myriad and include rectification, pro-
tection, filters, and clippers.

For higher-voltage systems, up to i000 V, corona breakdown could be a
problem. In a Boeing report done for Wright-Patterson AFB by William Dunbar,
corona initiation voltages ranged from 1200 V at 40 000 ft to 400 V at 80 000

: ft (fig. 6). With commercial aircraft flyin9 around 40 000 ft, the higher
voltages look pretty reasonable for power distribution.

Figure 7, produced by James Triner of NASA Lewis, shows efficiency and
weight versus frequency for a 50-kVA transformer with advanced materials. As
with voltage, as frequency increases Lhere is a significant drop in weight and
arouhd I0 kHz the curve starts to flatten out. However, at that frequency the

_- efficiency has alredy begun to decrease. A little under I0 kHz is a good fre-
quency at which to do inversion and perhaps distribution because the magnetics
are maintaining their efficiency but th_'_r weight is substantially reduced.

Figure 8 is a comparison of transformers for space and commercial uses.
Both are 25-kCA, single-phase transformers. The co_,mrcial pole transformer
weighs 400 lb, is 97.9 percent efficient, has a voltage of 120/240 V, and has
a high voltage of 3850 V. The space tra_scor_,_r has the same power-handling
capacity but at a frequency of 20 kHz instead of 60 Hz. That makes a sizeable
difference. And it has also been designed extremely carefully from a thermal
standpoint. The pie windings are shaped and fastened to aluminum plates for
heat removal. Another paper ir this conference, by Gene Schwarze of Lewis,
describes this transformer technology and its characteristics. The weight
difference is also significant - 400 lb at 60 Hz as compared with 7 lb atm

, 20 kHz. The space transformer is also more efficient (99.2 versus g7.g per- :
cent) and has a lower temperaturerise.

The type of distributionsystem selected for an aircraft power system can
have a substantial effect on the conductor weight as shown in table I. A two-
wire, direct-currentsystem has been selected as the base and allotted a weight

• of 100 percent. A very substantialweight reduction can be had by going to
the three-wire Edison system. The two three-phase, alternating-currentsystems
both exhibit a weight savings over the base. However, the three-phase, four-
wire wye shows the ]argest gain even with a full-size neutral.

NASA Lewis has done research on remote-power-controllertechnology. The
driver for this technology, however, is the semiconductordevice, so we first
need big enough, fast enough, semiconductorsto make and break the circuit.

i Figure 10 shows early solid-state, remote power controllers (RPC's) developed
._ for use in the space shuttle. These are 28-V RPC's at various sizes, 3 to 5 A
• : up to 15 to 20 A. The next generation of remote power controllers (fig. Ii)
_.: have voltages up to 120 V dc and currents to 30 A. They were developed by _
,: Westinghouse.

i
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Figure 12 shows a Lewis-developedhigh-voltage, high-power circuit .
breaker. The figure shows the breadboarl and a schematic of the system. The
load-switchingtransistor has been the tecnnology driver. Only recently have
1-kV transistors been developed to go into this circuit. But this circuit
breaker has been built and tested. It has been used primarily with the elec-
tric propulsion systems. Ion thrusters use a 1-kV screen drive at several
amperes. And this circuit breaker has been used as the main bus-interruptfor
electrical propulsion systems. So it has been tested in that sort of appli-
cation and now the technology is ready for other applications.

The following characteristicsare recommendedfor aircraft power-
generating systems:

(I) High voltage distribution. High voltage of about 200 to 300 V re-
duces conductor weight and reduces the effect of semiconductordrops. This

: provides a lighter and more efficient power system. Corona does not appear to
be a problem at these voltages for any aircraft.

(2) Alternating-currentdistribution. Since all rotating machinery
generates or consumes ac power, it appears to be most efficient and simple to
distribute the power in that form. In addition, it is much easier to interrupt
alternatingcurrent than direct current.

(3) High frequency distribution. Frequencies in the range of 10 kHz
cause a substantialreduction in the weight of magnetics while still providing
a relatively high efficiency.

(4) Multiphase distributien. A three-phase distribution system provides
a substantialreduction in conductor weight. It can also be very low in
radiation.

i

TABLE I.- EFFECTOF SYSTEMARCHITECTURE

ON CONDUCTORWEIGHT

System Weight,
percent

of basellne

t . Two-wiredc (baselinesystem) 100
Three-wlreEdison 37.5L

: I Three-phasedelta 75
;_I Three-phase,four-wirewye 33.3

(neutral, full size)

1
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FigureI. - Systemmodel.
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SECONDARY ELECTRIC POWER GENERATION
WITH MINIMUM ENGINE BLEED

Gordon E. Tagge
Boeing Commercial Airplane Company

Seattle, Washington 98124

In studies conducted throughout the last 20 years, trade-offs in terms of
engine power extractionhave been common. What then is diff_..-entabout this
study

Probably the most important difference is that today economics is a
greater factor tl,an ever before. Also, because of the large cost of develop-
ment the form and characteristicsof the benefits are important. Is less fuel

; burned Is cost lower Is weight lower Do these things counteract each
other An erroneous comparison impacts thousands and millions of dollars, and
so the purpose of this study is an overall, comprehensiveanalysis thct an-
swers two questions:

(i) If you had to build a system today, what would be th_ nature of that
system?

_'" (2) What would be the cost, performance, and weight?
The engine probably has the most signlficant effect on the selection of a

secondarypower system. Most of the electrical system development in the last
few years has been an attempt to make the system better. Another approach is
to question the trend to eliminate the use of bleed systems.

_ New energy-efficientengines will have
(I) Higher turbine inlet temperatures

. (2) Higher bypass ratios
(3) Higher pressure ratios

!4! Lower core airflowsLess available bleed air

The main effects of engines, apart f_'omtheir technical characteristics,

• _ are that there is less core flow and less bleed air available. Thus, from a
-" pragmaticstandpoint,whether or not you want to change the secondary power

system,you may be forced to change it.
Figure I shows a comparisonof two typical engines and airplane systems.

A typical engine for the Boeing 767, with a 12-percent nominal limit provides,
; for an idle descent condition at 22 000 ft and Mach 0.55, which is also typi- "

cal of a holding condition,a bleed flow of about 3.6 Ib/sec. This is suffi- ,
cient to provide air for refrigerationand pressurization. If air is also ,

, ; required for cowl and wing anti-icing,the amount of air required would exceed
t what the engine supplieswithin its nominal limits. This problem was solved

• q operationallyby ircreasingthe thrust during these conditions to provide the

_ i necessarypressure and flow. This is basically the current status.

_I The type of energy-efficientengine that would be used on a 1988 air-plane, for a typical 150-passengerbaseline,would have a nominal limit of

i around 9 percent. Because of the small core airflow it would provide much _;

less bleed flow than required for refrigeration,pressurization,and cowl and _

!_ On that particular has already chosen anwing anti-icing. airplane Boeing
alternativefor hot-alr antl-icing of the wing. For pressurizationand cool-
ing and cowl anti-icingthere is a wider gap to fill in terms of increasing

i engine thrust. With an even more advanced energy-efficientengine, to be used
on a 150-passengerairplane in 1995, there may even be problems in meeting the

-: PRECEDING PAGE BLANK NOT fiLMED 37 _ .._.
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requirement for environmentalcontrol alone. Therefore apart from an electri-
cal system development advantage,from a pragmatic standpoint,we _y be
forced to abandon bleed systems, either in whole or in part. "

This then was the motivation for a studI,(fig. 2) to address the engine,
whlch is the basic source of power, both primary and secondary. First, the
three engine manufacturerswere asked to what extent they could rematch the
engine, that is, make it smaller and more efficient, with _o engine bleed at
all. Next, an airplane configuration and a secnndary power system were
selected as a total system that could be built with current technology and
would meet not only the basic requirements,but all of the failure condi-
tions. Also, in selecting a two-engine airplane, the problems of system re-
dundancy, failure conditions, and all of the operational requirementswere
addressed as well. We then put together a study that would provide an initial
estimate of weight, performance,and cost, within the scope of secondary power
generation. The study will address these issues and concerns:

(1) Engine starting
(2) Electric Fewer generation

l_I Power controllersPower distribution

4. (5) Ground power
(6) Auxiliary power unit (APU)
(7) Airconditioning
(8) Cowl and wing anti-icing

._ In this study, the role of the APU had to be evaluated very carefully.
The APU, of course, originallywas a flying piece of ground support equipment
Lisedto provide independentcapability for starting and ground cooling as well

.. as some ground electric power. Later the APU was used to provide in-flight
power. So in any cost-performancetrade, it was necessary to sort out the
role of the APU in terms of its ground functions and its in-flight functions.

" Throughout this study all of the penalties and benefits related to the APU are
based on its in-flightfunction only.

The purpose of this study was not only to g_t technical results, but also
to indicate direction - where we should _e putting our money and where the
next logical step for equipment development would be. Those who know the
Boeing approach know that we are not only interested in what the right analy-
sis numbers are. For any piece of equipment to be put into inventory,either
commercial or military, we need to test the systems on an airplane. Therefore
we rely on hardware development, "ironbird" testing, and flight testing on at
least a component and subsystem basis. For this we need direction as to where
to put our emphasis.

The study involvedputting together a task team. We not only had systems
_. experts, but we brought in configuration,system installation,aerodynamics,

weight, product assurance,and finance specialists. This study was a model of
: a very comprehensiveanalysis not only to identify systems but to evaluatc
, them.

One of the major problems in a customer-clientrelationship is that the
,.. client, in this case the engine manufacturers,will try to satisfy what they

_, perceive as the customer's requirements. Thus it was very important, in our

:' study, to point out that we wanted to know the best answer in terms of power
extraction - whether or not to bleed the engine. We also wanted to get a good

_ data base on which to evaluate an advanced-bleedsystem. That was the purpose
_' of these particular simulations- to get a good engine performance deck that

.C_ would allow us to bleed air from any port from an optimum standpoint and
_._, therefore provide the best possible bleed system and compare it with a good i
_ _ minimum-bleed system.

38 _
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The next step was to select a go representativeairplane. _f course,
it makes quite a difference whether i_ : a two-, three-: or four-engine air-
plane and whether it is a shortor a lohg-rangeairplane. With the preponder-
ance of shortand intermediate-rangeairplanes today, we selected a two-engine, +
short-haul airplane as representativefor the present and near future. The
last objective was to meet all of the dispatch and operational requirements,
both from a FAA and a customer standpoint.

Figure 3 shows the general arrangementof the airplane that wa_ used in
the study.

Any study that will be accepted by management has to have a very credible
data base. The data base used in this study was a two-port bleed baseline
(the 767 airplane). Because of the detailed weights and good definition
available for that system, the task team used this particular configuration as
the data base. This was not necessarilyour configurationbaseline, but it
was our data base. Table I shows the systems that were varied in the stud_.
As a secondary trade-off minimum bleed was figured with and without an APU,
but the basic overall study did include an APU.

Or_eof the criticisms of most studies is that an old airplane is used for
a particular set of conditions and compared with another airplane under a new
set of conditions. In this particular study we took the data base and then

_ put together an advanced bleed system so that in comparing it with the
minimum-bleedsystem we were comparing comparable technology. We did not in-
clude in the study advantages that would be applied in one set of conditions
and not in the other.

As shown in table I the advanced-bleedsystem had a conventional,+

constant-speeddrive (CSD) and 75-kVA generators. The minimum-bleed system
with an APU had one 160-kVA system per engine; without an APU two generators
were used on each engine to meet the failure and power-out conditions. The
minimum-bleed systems also had an electric starter-generatorsystem. Two fac-
tors were held constant in the study: (I) hot-air cowl anti-icing and (2) the
hydraulic and flight control system. At present, we do not have confidence in
an alternative to cowl anti-icingother than hot air. There are a lot of
developmentsgoing on and we would be glad to change our position in the near
future. But for the sake of this study, we stayed with the hot-air cowl
anti-icingsystem.

Details of the secondary electric power generation system with and with-
out an APU are given in figures 4 and 5. The system with an APU (fig. 4) had

+ one generator on each engine ana another generator on the APU. Two electric-
driven compressorsprovided the air for environmental control. The APU was
the third air source in case of failure. Power controllers controlled both

the starter-generatorfunction and the power of the environmental control sys-
tem (ECS). Without the APU (fig. 5) another way must be provided to _et the
third power source. Two generators were used on each engine and a thlrd

+ electric-drivencompressorwas provided in lieu of the air provided by the
APU. This arrangement required an extra set of power controllers.

_ The system with no APU involved a great many switches. If it were not '
for the failure conditions, all of those switches could be eliminated. What
distinguishesthis study from simple weight or energy trade-offs is that it ,_

addresses all of the failure conditions. _ i
The advanced-bleedsystem is compared with the minimum-bleed system in '

table II. The weight of the starting system decreased from 180 Ib for the
advanced system to about 10 Ib for the minimum-bleed system, and the weight of
the pneumatic system, which involves the precooler, the bleed valves, and pro-
viding for switchoverduring engine-out, decreased from 640 lb to 70 lb.

1
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Eliminating the pneumatic engine start and hleed system led to wci§ht savi,.gs
but adding the starter-generators, of course, increased the weight again. The
difference in APU weight had to do with the increased size of the generator
for the APU. The net result was a 700-1b weight increase for the minimum-
bleed system over the advanced-bleed system.

Table III shows the effect on performance without resizing the airplane.
For a basic engine selection the change in the lift-drag ratio is small, but
there is a _ignificant reduction in specific fuel consumption for the
minimum-bleed systems.

Our environmental centrol studies kept track of the air required to sup-
ply the engine-driven compressors and compared it with the effect of not
bleeding the engines. The diagram on the left of figure 6 shows the results
of this study as compared with the baseline. The diagram on the right shows
the relative effect between the advanced-bleed system and the minimum-bleed
system. Both, of course, have extremely low drag; it can hardly be measured.
But, for the purists, there is a slight advantage to the advanced-bleed sys-
tem. Both have less drag than current baseline systems.

An overall performance comparison on a resized airplane is shown in table
IV. There is a significant increase percentage-wise in block fuel saving,
even though the total numbers do not vary much. The main advantage is that
less fuel is burned with the minimum-ble:d system than with the advanced-bleed
system.

One of the factors that bears on the subject is what a typical block time
or block range is. From our 737 experience, the typical block range is a lit-
tle less than 300 nautical miles. A 727, which is nominally a 2000-nautical-
mile-range airplane, has an average block range of less than 400 nautical
miles. Between 300 and 500 nautical miles is a typical block range for this
size of airplane.

Cost is the most difficult parameter to evaluate from a supplier's, an
engine manufacturer's,an airframe contractor's, and an airline's stand-
points. The parametersmay all be the same, but the significance of the
parameters differs. Therefore we chose to evaluate the cost of ownership
relative to an airline customer. We have through the years developed a cost
mudel that may not be precise but is fairly accurate in terms of relative com-
parison. This basically is the model that we used.

The model is based on

(I) Airline fleet service period of 15 yr, 1986 to 2000
(2) Thirty-airplane-fleetnonrecurringcost, prorated to 300-airplane

, minimum production

l_I 3000 Flight-hoursper year, per aircraftDepreciationschedule, 10 yr

l_I Investmenttax credit, 10 percentCorporate income tax, 48 percent

l_I Annual inflation rate, 7 percent for labor and materialsCurrent dollars, after taxes
(9) Spares level, 6 percent for equipment, 30 percent for APU

This model (fig. 7) shows that the total cost of ownership consists of invest-
meritcosts, operating costs, flight operation, and tax adjustments. For this
study we included all of the _actors that are indicatedwith solid bullets.
The factors indicatedwith open bullets are in the model but were not included
in the study.

, Figure 8 shows the difference in cost of ownership between a minimum-bleed
.l system and an advanced-b]eedsystem as compared with the current baseline,
l

namely the 767 two-port bleed system. For the 300- to 500-nautical-mile
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range the difference is $3 million to $4 million per year. This is approxi-
mately half the saving achieved by the recent decision to go from a three to a
two-man crew. The comparison with and without an APU shows benefits that are
even larger. The relative comparisons for a 1500-nautical-milerange are much
less. However, this particular airplane is not designed to operate at that
range most of the time.

Another factor in a cost comparison is increasingfuel price. How do you
evaluate the change in fuel price and what effect does it have on the relative
comparison between the systems From 1972 to 1982 the increase in _uel price
was dramatic; in the last Lwo years the price was more stable. Figure 9 com-
pares an advanced-bleedsystem with two minimum-bleed systems, both with and
without an APU. The left line represents the stable fuel price period of 1980
to 1982; the right line represents the unstable period of 1972 to 1982. Even
though the absolute numbers change between the lines, the relative difference
between the systems is about the same.

In summary, we took _n in-depth conservative approach to the technical
data. In a]l of our weight comparisons and in all of our equipment selec-
tions, we did not guess what the p_tential would be 5 or10 years from now.
We took existing technology and weighed the systems and costed the systems as
they exist so as not to inflate the study in f_ivorof the minimum-bleed sys-
tem. The other technical results are as we have just gone over. Operating
weight increased,but block fuel and cost of ownership decreased.

Table V takes these comparisons and addresses our current system in terms
of a future developed system. In spite of the 700-_ weight increase, :'e
believe comparableweight between an advanced-bleedsystem and a minimum-bleed
system can be achieved for this type of airplane. The block fuel was less
and, as the weight came down, the fuel burned would, of course, be further

._ reduced. From a relative standpoint,we still kept it in the same general
category as being less. The significant parameter, however, would be cost.

, The cost of G_nership currently is less, but it would be much less for the
_ developed system, especially the cost of new equipment as well as the fuel and

opelating costs.
• In terms of direction, the switching in the secondary electric power

generation system (fig. 5) can be signif$cantly simplified. Subsystem trade-
offs, especially in the environmentalcontrol system, be it air-cycle or
vapor-cycle,can be significantlyimproved. The role of the APU is always an
interestingone. Although it is a high-cost item, airlines need self-

, sufficiency. So we are going to conduct some studies relative to APU uses and
the better way of integrating the APU into an all-electricsystem.

' Engine selection and optimization turned out to be a very critical factor
i in our study. Eliminatingwing anti-icing resulte(lin a 7-percent reduction

in engine size. Therefore a key factor, both from an airframe and engine ;
") standpoint, is that there probably is a greater penalty for mismatching the
"_ engine with the airplane than was apparent in the past. And that disparity is
.| even more pertinent today.

In terms of activities, there already has been a fair amount of work done
with starter-generators, A program just being completed at the General
Electric Co. in Lynn, Mass., has been very successful. We have got quite a
bit of developmentwork in power controllers and in electric-drivencom-
pressors, and the work being done with alternativesto hot-air anti-icing for
both wing and cowl is especially pertinent to Lewis.

Going back to the integrationwith other systems, needless to say,_this
- study was of limited scope. It only addressed one part of secondary power; a

'I study needs to be done from an overall systems standpoint. We need to include

i
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the power distribution system and all of the synergisticbenefits that can b_
achieved by pu]ling these systems together. One of the main advantages= river
and above the technical results of the study, was that we developed exper-
tise. Our task team arrangement, our ability to put all of the parameters ir
model form and evaluate different airplane, engine, and system combinations,
was successful. We f_el that we are in a good position to take the next step.

l,w

• I
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" _ ORIGINAL PAGE ig
OF POOR QUALITY

,A_,._ I. STUDYrnN_TGURATfnN_
,.

2-PORT BLEED ADVANCED MINIMUM BLEED MINIMUM BLEED

SYSTEM BASE LINE BLEED WITH APU WITHOUT APU

ENGINE 1-76 kVA _ 1-11_0kVA 2-120 kVA

GENERATORS GENERATOR/ "i GENERATOR/ GEN2RATOR/

ENGINE I ENGINE ENGINE

CSD'e 1-CBD/ENGINE SAME AS - -

I BASELINE
APU 1-76 kVA | 1-180 kVA -

GENERATOR GENERATOR/APU ] GENERATOR/APU
ELECTRIC 400 Hi HYBRID (400 Hz * HYBRID

DISTRIBUTION Wl LD FREQUENCY)

AIR SOURCE 2-PORT BLEED 3-PORT 2 ELECTRIC-DRIVrN 3 ELECTRIC DRIVEN

BLEED COMPRESSORS COMPRESSORS

COWL HOT AIR HOT AIR HOT AIR HOT AIR

ANTI-ICING

WING HOT AIR FLUID FLUID FLUIO
,_iTI -ICING

ENGINE PNEUMATIC SAME AS ELECTRIC START ELECTRIC START

STARTING BABE LINE

),.. APU YES WITH AIR SAME AS YEB WITH AIR DELETED
SOURCE BASELINE SOURCE

HYDRAULICS STANDARD SAME AS SAME AS SAME AS

BAlE LINE ILAIME LINE BASE LiNE

TABLE II. - FUNCTIONALGROUP WEIGHT SUMMARY

Affecmd Baseline Advanc_l Minimum bleed Minimum bleed
functional bleed Need with APU without APU

, groups (Ib) (Ib) (Ib) (lb)
i

Verticaltail 850 770 770 770

Body 17.650 17.650 17.650 17,460

Nacelleandstrut 2.810 2,660 2,600 2.630
Engine 9.790 9,400 9.400 9.400

Startingsystam 180 180 10 10
Pneumatics 670 640 70 70

Electrical 1,910 1,910 2.790 3.610

Air-conditiomlng 1,710 1.710 2.110 2,290 '
And-icing 240 320 320 320

APU 1,150 1.150 1,370 -

II

OEW(reference) 14.930 84.360 86.060 84,420 _J

,_ [' i ,_ OEW Base -670 +130 -610

Base +700 ,60
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TABLE Ill. - RELATIVE PERFORMANCE-DEPENDENT CHARACTERISTICS

Average cruise Climb

OEW A (L/D) A SFC _ (T/W)
I

Baseline bleed Base Base Base j Base
I

Advanced bleed -0.79% +0.18% -0.i7% 1 -i.91%

, Minimum bleed with APU +0.34% -0.02% -G.68% 0%

Minimum bleed without APU -0.41% -0.10% n coo/ i-,,.,,,,,o +0.55%
I

TABLE IV. - PERFORMANCE SUMMARY COMPARISON
[Range, 0530 n mi; altitude, 35 000 to 39 000 ft;
step cruise at Mach 0.75; payload, 30 800 lb.]

Minimum bleed
Baseline Advanced
bleed bleed

With APU Without APU

Taxi weight.Ib 142,086 141,242 142.160 141,330

TOGW.Ib 141,900 141,056 141,920 141,144
OEW,Ib 84.930 84.260 85.220 84,580
Fuelload,Ib 26.352 26,182 26,086 25.950
TSLS,Ib 24,300 23,300 23,300 23,300
T/W 0.34 0.33 0.33 0.33
Blocktime (1530nmi),hr 4.046 4.049 4.042 4.042

Bockfuel (1530nmi), Ib 18.673 18,608 18,525 18.420

Blockfuel(500 nmi),Ib 6,986 6,922 6,857 6,829
Blockfuel(300 nmi),Ib 4,875 4,821 4,763 4,745
%changeblockfuel (1530 nnd) Base -0.35 -0.79 -1.35

•_ %changeblock fuel (500 nmi) Base -0.92 -1.85 -2.25
%changeblockfuel(300 mi) Base -1.11 -2.30 -2.67

I
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TABLE V. - CONCLUSIONSAND RECOMMENDATIONS

Results ._omparison
CURRENT DEVELOPED

WEIGHT HIGHER EQUAL

BLOCK FUEL LESS LESS

COST 0 F
OWNERSHIP LESS MUCH LESS

1

Direction

.. ,_ STUDIES ACTIVITIES

• SYSTEM IMPROVEMENTS
• STARTER/GENERATORS

, • SIMPLIFICATION • POWER CONTROLLERS
* ' • SUBSYSTEM TRADES • ELECTRIC DRIVEN ECS

• APU USE AND
• COWL AND WING

| ALTERNATIVES ANTI-ICING
J • INTEGRATION WITH
_ OTHER SYSTEMS

_,_
, • ENGINE SELECTION AND

OPTIMIZATION

i
,t

L
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O_G_L PA_EE_
,b CF POOR QUALrTY

TOTAL Cond,t,ons:

WITH ONE 'p Idle descent. 22._O f). M - 0 55
AIR SOURCE TOTAL • Icing day, ISA -12°F ",
FAILED --- e'--" ---m

5 r- I 6.0 WITH ONE
I AIR SOURCE

.... TOTAL
I FAILED -'P e" 4.6 | WITH ONEI I
--,--..... AIR SOURCE

4 I TOTAL i FAILED ...,." --

,.o , r-& In I
12% LIMIT WING TOTAL I I I3.8 All ..... •

BLEED FLOW 3 - (1.0) 3.4 I I.---I. I !
(IbhdENGINE) WING I TOTAL I

A/I f'_.T'_l
(1.2) t

COWL I WING

2 - All -------- _ A/I
(1.;5) COWL _ (1.2)

bm

A/I COWL
9% LIMIT (1.01 A/I

1 - _ "In" 9% LIMIT 'O'3"L_L"

11.5) 11.21 11.21

0 L_ ,
BOEING 767 150-PASSENGER 150-PASSENGER

1982 1988 1995

Figure 1. - Bleed availability versus environmental control system and
aJ_ti-_cing requir_nents,

PURPOSE:

To get viabl•
first-cut amwer to--

ADVANCED • Weil;ht
ENGINES • Performance

uos1AND DATA • Co,t

l

t---• GE ; "NO-BLEED"• RR RESULTS

DEFINITION " DIRECTION

! -°ANALYSIS I

ISSUES, CONCERNS:

• e- Repriontatiw systems • Engine starting
• Rellilti¢ hardwlre • Electric power generation ;

• ; • Power controller_._ • ORe, OPS requirements
• Power diltribution

" ! • Ground power
! • APU

• Air-conditioning,,
; • Cowl/winll rail-icing

_ Figure 2. - Study plan.
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Wingarea = 1,500 ft2 /I :

Wing AR = 8.56

Designpayload= 154 passan_gers

Horizontal tail area= 403 ft_ _, _. o ,,; = --.. c_

l= 113 h 4 m

35him

_ . -- . H --_-

" II
_._ Sft4in 120 tt 10 m

127h2m

Figure 3. - General arrangementof airplane used in study.
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L
POWER

LEFt ENGINE J !

L RIGHT ENGINE

ira,ram

I
*. I I I I

L. J L. q _j

WILD I 400-HI WI_"
FREOUENCY I DE:LINK DC L;NI'_ FREQUENCY IFRFQUENCYI
BUS I ,I DC TIE IBUS4 J

2llV IX: BUS 28V DC BUS

4DO-H= BUS 1 AC TIE r 400-Hz BUS 2

Figure 5. - Electric power system - without APU.

1 COUNT - 0.O001

3.0

MINIMUM BLEED
1,0 -

INLET
DRAG

ADVANCED ADVANCED •

aco BLEED =-m.T BLEED MINIMUMBLEED• BLEEDACDCRUISE%0

COUNTS 0 i VERTICAL i VERTICAl (|AIELINE| _/_////_'/JT_'/_,/_J'

! TAIL TAIL

FNACELLE NACELLE

i _rrlD AND

, -1.0 RUT STRUT

-3.0 -

-2.0 "

Figure 6. - Drag suM*ry.
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l COST COST O_E_AT,ONI AC)JUST.ENTS •C_C) (OC) l (FO) I I (TAIi k

• Airplane • Maintenance o Traffic • Investment
pro_,_Jramant labor and material servicing tax credit

• Spares • Flight interrupt" o Crew • Tax depreciation

o GSE o Administrative • Fue_and oil allowance

Mlnulll and • Insurance • Income tax

handbooks • Spares
o Training warehousingand

equipment holding

o Training

"Partialfordelay_ can(_milati_.

b. Figure 7. - Total cost of ownership.

6 MIN-BLEED
WITHOUT APU

• Then-currantdollars,iftm taxm 5,4
• 1_4 dolMn I"----"

5 ,3_rplane fleet, Iw Ww, iS yun / 6,_

MIN-bLEEO
WITH APU

, 4.1
4 ,m

3.7 _

MILLIONS F 'OF IX)LIARS 3 -

PER YEAR | 2.4 -

ADVANCED
IILE_D I I

J ,o I I I

0 3OO 6OO 3O0 IMO 11_
m anti aml mni mi wd mml mi

CONFIGURATION AND MIllION RANGE

Figure 8. - bifference in cost of ownership betv,een a atnimum-bIRd system, an
advlnced-b}eed system, end the current baseline.
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Q,- t I I J
A PERCENTINCREASING FUEL PRICE

Figure 9. - Cost _f ovnershlp for the three systems is a functton of fuel
price.
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PRIMARYELECTRICPOWFRGENERATIONSYSTEMSFORADVANCED-TECHNOLOGYENGINES

Michael J. Cronin
rockheed-C ,ifornia Company

. Burbank, California 91503

Although enthusiasm for the all-electric airplane is waning and current
projections are that it will not be a reality until the 1930's, I feel that we
can have an all-electric airplane by 1985. The variable-frequency, variable-
voltage power system is a very efficacious system for an all-electric airplane.

An advanced-technology engine (fig. I) is exemplified by a high bypass
ratio and a high compression ratio resulting in a low core airflow. Taking

' bleed from the core flow upsets the aerothermodynamic cycle of the engine and
is a problem for the engine designer. As the discharge section gets smaller,
there is a point at which the physical installation of the same size bleed
ducts into hat small core section becomes a problem. Then a splitter must be
used to bring the hot ducts through the engine case into the pylon. That
splitter is in the bypass airflow.

The all-electric engine would not have these problems. Elimination of
the bleed-core hardware, the blowout doors, and some of the transverse-thrust
loads are further synergistic weight and cost benefits that derive from the
all-electric airplane.

Figure 2 shows cruise specific fuel consumption (sfc) as a function of
" bypass ratio. With no secondary pewer extraction, specific fuel consumption

decreases with increasing bypass ratio. Engines using conventional power ex-
traction are limited in bypass ratio to some lower value. The all-electric
can use a higher bypass ratio and thereby gets the benefit of a reduced sfc.

i Figure 3 shows very simply that bleed air does cost fuel and decrease energy
efficiency.

i Figure 4 shows that for a Pratt & Whitney energy-efficient engine (E3)
a 2.2-1blsec bleed increases sfc by 4.7 percent (refer to 70-percent power
line). That 2.2-1b/sec bleed is equivalent to about 220 hp. Plottipq mechan-
,_, powe_ extrdctionversus asfc Shows an increase of only 1.3 percent in
sfc for 220 hp. (This is a representativehorsepower for an electric-driven
environmentaicontrol system (ECS).) This comparison is the basis for saying
that mechanical power extraction is much more efficient than bleed power

" ! extraction.

Engine sizing effects _or a twin-enaine.150-passengerairplanewith a
conventionalbleed system, a 50-percentrecirculationsystem, an electric ECS

i with bleed deicing, or an all-electricsystem are compared in table I. With
-_ one engine out during a 22 O00-ft hold (table IA), 53 percent of the core flow

I would be demanded by bleed in the conventionalsystem. Even with 50-percentrecirculation,ECS bleed would still constitute 39 percent of the core flow.
_ Of course, with the all-electricsystem there would be no effect at a11 on the
_| core flow. For an airplane with advanced ECS bleed and with one engine out
_:I _,,ring...... _-_,..,.__:*maximum climb power at 20 000 ft and a Mach number of 0.65,
_| there is a 12.8 percent loss of net thrust on the remaining engine, due to

ii bleed. The change in fan diameter to compensate for this thrust loss is about !
4.6 in. For the all-electricairplane the net thrust loss is only 2.6 percent,

. and the fan diameter change to compensate is about 1 in. For the constant-
inlet diameter,constant-thrustcase the turbine inlet temperaturefor the

ii bleed system would increase113 deg F, as compared with 16 deg F for the all-

electric system. That is a large increase for the General Electric engine.
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The weight increase for the bleed system would be 16.2 percent.
Another aspect is the temperature marqin for the enqine with one engine "

out (flg. 5). Clearly the margin between the turbin_ inlet temperatures for
maximum climb and takeoff is much narrower for the E_ engines tha_,for the
CF6 and other current engines. Therefore a 113 deg F rise, as shown on
table I really overheats the engine. A 16 deg F rise is well within the lower
band in figure 5.

Finally, there is the question of what is done with the bleed air after
it is tapped. Because it is at such a high temperature during takeoff, we
invariablyhave to consider a precooler (fig. 6). The precooler needs bypass
fan air to pass through it in order to reduce the temperature of the air en-
tering through the pylon. The ducting, valves, precoolers, pneumatic starter,
and the balloor,ing of the nacelle (caused by placing pneumatic starters at,
say, the 6 o'clock position) are all eliminated in the all-electricsystem.

The engine manufacturermust be concerned about the stability margins on
the engine; that is, the difference between the steady-stateoperating line
and the surge line. He must preserve this margin for throttle chops and
throttle bursts and different altitudes. A typical compressormap is shown in
figure 7. The one favorable aspect of bleed is that it tends to raise the
surge line and drcp the operating line. So bleed does increase the stability
margin. Horsepower extraction raises the steady-stateoperating line and
thereby reduces the stabilitymargin. Neither Pratt & Whitney nor General
Electric think that this is any problem, particularlywhen they know what the
horsepowerextractions will be.

In the all-electric airplane the generator is the sole source of electric
power; it powers the primary and secondary flight controls, the environmentals,
and the landing gear. It eliminates the need for bleed air, the high-pressure

" hydraulic system, and the pneumatic system. To accomplish this may require
large generators in the 300- to 500-kVA class.

There are five candidates for all-electricpower systems: the advanced
" constant-speeddrive (CSD); the variable-speed,constant-frequency(VSCF) sys-

; tem; the VSCF:dc link; the 270-V dc system; and the direct-drivengenerator
system. All of these systems, except the last, have been developed.

Fioure 8 shows diagrams of thes_ nnw_ g_n_fi_n cyc+=m S Th e ....... t
tional CSD system takes the variable input speed of the engine and gives a
constant output speed to the generator. The generator can be optimally de-
signed since it is driven at a constant speed. With a constant-voltage,con-
stant-frequency(CVCF) bus some of the generator output can be converted to
270 V dc for flight controls and some can be converted to 28 V dc.

In the VSCF cycloconvertersystem the CVCF bus is obtained electrically.
; The ye,_r_lur mu_t be d_signcd to eperate ove_ th_ pngine's speed range. Some

of the output can be converted to 270 V dc and 28 V dc just as in the previous
_ system. The VSCF:dc link approach is similar to the cycloconvertersystem ex-

cept the power is rectified and inverted to obtain the CVCF bus. In the 270-V
!_ dc system all of the power is rectified and distributed on a dc bus. To obtain
: other voltage levels or ac, the power must be inverted. In the direct-drive

• system, as much of the power as possible is used in the variable-voltage,
_ _ variable-frequency(VVVF) form. This eliminates the need to condition or regu-

_L I late the power. The other types of power required, such as 400 Hz, 270 V dc,
i and 28 V dc are provided on a dedicated basis.

/ i Figure g shows the effect of speed on power output. The power output of
s any rotating piece of machinery is proportional to its speed. Hydraulic and
_.e constant-displacementpumps have output proportional to speed; centrifugal

_ pumps have output that is a cubic function of _geed. Centrifugal compressors
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and positive-displacement compressors like the Heli-rotor have variable-rate
output, either a cubic function ur linear. Piston engines have always had
power output proportional to their speed, and turbine engines ha_e power out-
put that is a much stronger function o_:speed. Motors and generators are no
different. The motor and generator want to produce power that is proportional
to their speed. It is an unnatural function for a piston engine to put out,
say, its maximum horsepower when it is idling. Everything has a speed func-
tion. A motor-generatorsystem can be made to produce constant power _s a
function of speed. However, when that is done, the machines must be sized for
rated power at minimum speed. As a result, the machines are oversized for any
other operating speed. Providing constant power as a function of engine speed
in an aircraft power system also results in oversized machines as shown in
figure 10. The CSD, VSCF, and 270-V dc systems all have twice the power capa-
bility required by the mission. The crosshatched areas in those plots repre-
sent wasted power-producingcapability and as a result, a weight penalty.

The VVVF system is sized for the mission; therefore it has no excess
power-producingcapability. There are many large loads in flight (e.g., gal-
ley and deicing) that are not present on the ground. As a result the power

, requirements are less and can be mad_ to match the output at the engine's
50-percent idle speed.

Another factor in the comparison of these systems is shown in gure 1!.
The power flow in the CSD, VSCF, and 270-V dc systems passes through two de-
vices; but in the VVVF system it passes through only one. As a result, the

-_ first three systems have added complexity, inefficiency,and weight to contend
with. This is in addition to the larger generators required by the VSCF and
270-V dc systems.

" In the transmissionof power (fig. 12) the conventional system requires
the use of larger gages. After transmitting 40 kVA for 75 ft, a gage change

._ is necessary, and this increasesweight. For the 200-V dc system there is
some improvementand even more for the 230/400-V system and the 400-V dc
system. Therefore the use of higher voltage must be considered. In the study

done for NASA Johnson Space Center, Lockheed selected a 230/400-V ac system as
the primary Dowpr _y_f_m _nH Hn,,hloa,h_ _._........

Figure 13 shows the magnetic weight of a system as a function of fre-
quency. When the British and American advisory staffs were evaluating power
systems for world-wide standardization,it took a lot of time to settle on the
400-Hz system• At one point 250-Hz systems were considered. They gave motor

,, speeds of 2_ 000 rpm, which was thought to be reasonable,and the voltage level
was assumed to be reasonable at that time. Now we should look at some higher

_ frequencies• And again in the NASA Johnson study, Lockheed chose 800 Hz. An
800-Hz system would reduce electromagneticweight about another 30 percent

_' ThaL looked like a _ compromise It also permitted a 48 O00-rpm maximum

_'! motor speed•
;| We must be careful not to denigrate variable-voltage,variable-frequency !

il systems in an off-handed way. They are the electrical engineer's choice for
motors and for many loads in the airplane. Use of VVVF systems does not abro-
gate of other high-technologysystems, such as advanced CSD, VSCF, or _

use

dc-link. All are used in the hybrid system. It is only a matter of how much _(

ii of each of these systems is used. We want to use as much power in the VVVF

i

•_ form as possible. Motors and electronics can operate over a wide range of
voltage and frequencywith no prospect of damage if the voltage-frequency
ratio (V/F) is kept constant. Sixty-Hz power can be used in 400-Hz trans-
formers if the V/F is maintained. Even an 800-Hz system is compatible with a

• three-phase 200-V, 400-Hz system and existing ground supplies.
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Figure 14 shows dedicated power sources derived from the VVVF system.
Any type of dedicated power can be used in an airplane with the variable- .
frequency, variable-voltage power source. The link, for example, already uses
the samarium-cobalt generator, which develops variable-voltage, variable-
frequency power.

Variable voltage, variable freQuu::cy is the inherent form of power from a
permanent-magnet (PM) generator. When wound-rotor machines were used, we had
to make the regulator produce that type of power. Now the PMmachine produces
variable-voltage, variable-frequency power, and it is inherer:tly suited to the
aircraft load versus the engine speed profile. When an airplane is landing
with a heavy deicing load on the wings or the windshield, you don't want all
that heat being dissipated after landing. The power will automatically be
reduced as the engine is throttled back on touchdown. The VVVF system is also
an excellent power source for motors and transformers because of its constant
V/F. And here is a critical peint - during cruise, jet engines, and turboprop
engines particularly, operate almost at constant speeds. This provides, in
effect, a constant-voltage, constant-frequency system during most of the
flight. We are trying to keep the transmission simple, to make the generator
and the installation itself the simplest in the engine, and to improve genera-
tor and system reliability. We are going back to some very basic concepts in
making the overall system extremely simple. The Navy and the Air Force com-
plain bitterly about the decreasing availability of aircraft, and this is
caused by the use of sophisticated electronics. We should take stock of the
effect on aircraft availability of the choice of power system.

The features of the VVVF system are (I) kVA is proportional tc _peed, (2)
minimum voltage regulation, (3) no frequency transients, (4) low harmonics,
(5) low radiofrequency interference, (6) high transmission efficiency, (7) low

_" weight, (8) low cost, (9) low maintenance support, (i0) high reliability, and
(Ii) high aircraft availability.

Figure 15 shows synchronous generator performance as a function of speed
for the wound-rotor machine. The 400-Hz generator (120-V phase voltage and
120 kVA) designed for 12 000 rpm would lose almost all of the load very quickly
below the threshold of 380 Hz. The reason is the square law effect of the
inteqralexcitor. The only way to sustain the power from that generator would
be to decrease the voltage in step fashion. Although most system engineers do
not realize it, a 400-Hz generator can be operated from 200 to 400 Hz if the
voltage is controlled at the 50-percent voltage (60 V). But the power will

_ not increase with speed unless th_ voltage is raised in step fashion.
How do we design a generator for a VVVF system? First, we recommend a

higher per-unit voltage and a higher per-unit frequency. These values will
depend on an analysis of the loads. High per-unit speeds are desirable. Sec-
ond, we recommend a large air-gap generator (16 000, 24 000, or 48 000 rpm).

• The large air-gap machine would exhibit lower regulation, and we want to avoid
the need for a regulator. This will minimize the voltage transients; the

_: Xd, what we call the transient direct-axis reactance, will be lower. The
voltage unbalance will be lower. The overload output will be potentially
higher. A 75-kVA generator will produce as much as 700 A with this type of

7 1 design. Third, w_ recommendmoderate electric loading, or current density -
i_ about 12 000 Alin_. Oversize the conductor. There is always a balance be-

ii tween the copper and the iron in the machine. Lower current densitie_Rwilllz. improve efficiency because there would be lower IR drop, reduced
losses, and reduced unbalance. We might have to accept a slight increase in

._ weight. And, again, let us not make a fetish of weight. The military services
4 and the airlines would like to see a bit more reliability for a change.

54 .

i98400i988-054



Fourth, we recommend replacing high-permeability irons with Cubex, cobalt
iron, silicon iron, Supermendur, or Hyperco-50. Here the desire for low
weight must be balanced with acceptance of increased costs. For example,
Hyperco-50 probably costs about 40 times more than a silicon iron.

Figure 16 illustrates VVVF generator regulation. Wewant to keep the
inherent regulation of the generator small. This regulation is a function of
the impedence drop, the air-gap flux density, the cross magnetomotive forces
(MMF), and the load factor. We all know, from our basic training and machine
design, that the reactance drop is the biggest component. It is most signif-
icant at low power factors. In other words, when the current is lagging the
voltage by a large degree, IX drop has a significant effect on AV. Because
the VVVF tends to operate at good power factors, even though the IX may be
fairly large, it has a minimal effect. The IR drop is most effective in
reducing the voltage. Therefore it is necessary to keep the IR drop down to
have good regulation.

Table II shows the motor loads from an airplane. There is a profusion of
motor loads in a large bomber, a tactical fighter, or a troop transport, there
being probably over 200 motors in an airplane. All of these loads can be op-
erated off the VVVF generator directly by using squirrel-cage induction motors.
As shown in table If, almost all of the motor loads can be powered by the var-
iable-voltage, variable-frequency system. One load that does not appear to
match the VVVF output is a fan. Normally fans are required to provide a con-
stant airflow and therefore require a constant-frequency power source.

Figure 17 shows induction motor performance. Figure 17(a) shows what
would happen if you were to use constant voltage and drop the frequency. The
top curve shows the normal condition of a 400-Hz motor at 200 V, a typical
torque-speed curve. At 200 Hz the constant-voltage motor is able to provide a
much larger torque. But as the motor's load, for instance a compressor, de-
creases in speed, the torque demand is actually decreasing. A motor operating
in this fashion has large amounts of excess torque. On the other hand the
variab!e-voltage, variable-frequency system (fig. 17(b)) provides constant
torque capability at any speed. As a result, the torque capability and demand
are better matched.

Figure 18 is from one of the studies that AirResearch did for NASA7 to
10 years ago. It shows the weight of, say, a 25-hp brushless dc motor versus
speed. At 20 O00-rpm motor speed the specific weight of the motor is about
0.78 Ib/hp. This excludes the electronics because the brushless dc motor has
to have electronic commutation. An induction motor at the same 20 000 rpm
would only Weigh 0.48 Ib/hp (fig. 19), and it does not require electronic com-
mutation. This comparison indicates a significantweight advantage for the
inductionmotor.

Another comparison that can be made concerns power regeneration in q_tors
under an overhauling load condition. Figure 20 illustratesthe circuitry re-
Quired to get power regeneratio, in a brushless dc motor. Figure 21 shows

, that no circuitry is required for regeneration with an inductionmotor.
: In summary, Lockheed is proposing a three-phase,400-V, 800-Hz, direct

drive power system. A samarium-cobaltgenerator would be the primary source
of power. The constant VIF makes it ideal for supplying induction motors. _

Use of 400 V and 800 Hz provides the following: IO0-V, 400-Hz, or 270-V dcground power at 50-percentengine speed, 48 O00-rpm motor speeds, lower feeder
weights, lower transformer and machine weights, and lower filter weights. The
system design is extremely simple and provides output power proportionalto
engine speed. Constant-voltagefrequency or loads can be supplied by dedica-
ted supplies. "
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General Electric, working with the Air Force Aeropropulsion Laboratories,
developed the l_-kVA samarium-cobalt starter-generator shown in figLre _2. ".
There is no question that future generators will be _arge. This 150-kVA gen-
erator has Quite nominally good sizes and specific weights. This generator
started the RB-211 engine i_,25 sec at 59" F (fig. 23). However, at -53° F
the start time was longer, coming up to 6000 rpm in 90 sec.

Figure 24 shows the results of the first study Lockheed did for NASA
Johnson. It indicatesthat a fleet of 300 all-electric airplanes,with fuel
at $1.80/ga!lon,operated over a 16-year period would result in a $5.14 bil-
lion saving. When the added benefit of operating the airplane with reduced
static stability is included, the total saving would be $9 billion. People
had difficulty accepting that study. Therefore Lockheed performed another
study for NASA Langley that was similar to the Johnson study but added the
avionics and air traffic control areas. Some of those results are shown in

figure 25. With a far-term flight control system, a far-term secondary power
system, and air traffic control, a total of 44 000 Ib could be saved on a
350-passengerairplane. This proved that the 23 O00-1b saving projected in
the previous study (on a 500-passengerairplane) was conservative. With addi-
tional innovativetechnologies,an even bigger saving could be realized. In a
700-passengerairplane that we looked at for NASA, doing the s_me thing with
the breakdown (fig. 26), the weight saving could be 60 000 Ib, and possibly
77 000 Ib, with all of the advanced technologies. Fuel savings with the
350-passengerairplane (fig. 27) is an attractive 20 percent. The payoffs of

! that are such that NASA and the military should be encouraged to investigate
closely the benefits that are derived from the all-electricairplane in terms
of fuel efficiency,as well as all the other benefits (listed in table Ill).
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TABLEI. - ENGINESIZINGEFFECTS- BLEEDVERSUSCLECTRICECS
[Two-engine,O50-passengerairplane;25 O00-lbEj engines.]

A: CONDITION: ONE ENGINE OUT/ICING/22.KFT HOLD

8LEEO--L81SEC

iELECTmCECSlI

CONVENTIONAL 50% RECIRC BLEED, •E-ICE ! ALL ELECTRIC
I

LBISEC ,_,5 4.3 3.1 J 0

% CORE FLOW 53% 39% 25% J 0%

B: CONDITION: ONE ENGINE OUT/ICING/MAX CLIMB: 20K/0.65M

ENGINE IMPACT

(_ONSTANT T41 ADV ECS (BLEEDI ALL ELECTRIC

- FN (LOSS) - 12.8% - 2.6%
xl

,._D T + 4.6 + 1.0

_,r)NSTANT THRUST

AT41 + 113 °F + 16°F

_WT + 16.2% 0

TABLEIS, - ABILITYOF VVVFSYSTEMTO HANDLEMOTORLOADS

YES NO IFFY YES N( IFFY

| • MAIN LANDING GEAR_ I • THRUST REVERSERS_..._' X i
• NOSE LANDING GEAR_ X _ • VARIABLE WING 8WEEPJ X

• LG 060R8 X t • TILT TAIL ] X
• LI SLAT8 X ' • CANOPY8 [ X

_-.' • i'mFuu.s i x ; • CA.GOooonB__._.__._x
: INLET DOOR8_ X ' • PAX O00lR _ X: FUEL PUMP8 (ROOBT_ X • FAN8 X,L

"_ _ '• FUEL PUMP8 (TRAN8)'_ X • PCS X X
' _ • ENGINE FUlL PUMPS_ X • ICS l X

"_}t • ENGmNI LUIIEPUMPS. X • MECHANICAL ACTm_ X ()

!t I
}

.

- _.I I Ill I IIIII _
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TABLE Ill. - BENEFITS OF ALL-ELECTRIC AIRPLANE

AIRFRAME ENGINE
AIRUNEIVMIUTARY SUPPLIER SUPPLIER

• LOWER ACOUIIITION • LOWER Oi_/FTOGW • SLEID PROVISIONS

COITI • IMPROVED PERFORMANCE ELIMINA'ED

• LOWER OOC/FUEL COSTI • REDUCED ENGINEERING • IMPROVED 8FC/
• REDUCED MAINTENANCE/ HOURI PERFORMANCE

LOGIITICI • REDUCED • REDUCED WEIGHT
• LOWER CAPITAL MANUFACTURING HOURI •TRANSVERSE THRUST LOADS

INVEITMENT • IIMPUFIED AIRCRAFT REDUCED

• HIGHER PRODUCTIVITY/ IYITEMS • NO 'CUITOMIZEO"

kVAILAIIIUTY • REDUCED IYITEMI ILIEED REQ_

• LOWER LIFE CYCLE TILTING e!IIMPLIFIED POWER PLANT

COITI • LOWIER SYSTEM/ • REDUCED INITALLkTIONI
COMPONENT COLTS REMOVAL TIMES
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CONVENTIONAL

CRUISE
SPECIFICFUEL
CONSUMPTION

. ALL ELECTPICAL

l WITHOUT EXTRACTION

BYPASS RATIO
extraction- improved economy possible with new

igure 2. - All-electricpower
F engine design.

' SPECIFICFUEL
CONSUMPTION I
INCREASE ECS BLEEO

\ ALL ELECTR$C _.

t

pOWER EXTPJWCTtON

'iI Fig_re 3. - All-electric power extraction " improved fuel consumption appemr$

significant.
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BLEED HPX

CONVENTIONAL BLEED

............. ALL ELECTRIC HPX

MAX CRUISE /

- -I MAX CRUISE

,4-L " 70%__,_

4.0 - 2.0
lb.

3.2 5TH STAGE
..... COMPRESSOR

% __iSFC I AIR % .1 SFC
I .1.:3.....................

; MAXCRUISE _J
Z.O I 70% 1.0 0:..93____.../ |/

I
FAN
AIR

I
I

0 ! 0 _ ,1" I I I "1 *

0 1.0 2.0 3.0 4.0 0 100 200 300 400

ENGINE BLEEO - LB/SEC SHAFT POWER EXTRACTION - HP

Figure 4. - Increase in sfc with 2.2-lb/sec bleed - altitude, 35 000 ft; M_ch
0.8; standard day; constant thrust.
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2500 -
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O 2200 - TAKEOFF _ SLS J_.r_ J" ip.
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FLATRATINGTEMPERATURE

Figure 5. - Tempera_.ure margin for engine out - average engine-cycle deck.

PRECOOLIER-_ CABI" A,a
PREIIIIIURE REGULATOR B,CHECK VALVI._ .:.':""SUe'rI.TCOHTROLVALVE1ST.STAGE.\...-_l __Jr-

• _ __ _ _ )

ETH STAGE CHECK VALVE,,.._ I _1 IL.__J_z'--".__ ..:_-------

k _ _ REVERIER SHUTOFF VALVE
REV|RSER MANUAL GROUND CHECK VALVE i

Figure 6. - Powerplant assmbly - P&WJTgD-7R4.
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BLEED

SURGE_AX L
LINE _ / /PWR_STABILITY t
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OPERATING LIllE

_i, wi v_/6 _ iv, ,._16

(Ai (BI

Figure 7. - Typical engine compressor map.

I I

+
, UVI_I i 270 ,,VOC

I CONSTANT SPEED DRIVE SYSTEM I [VICF CYC4.OCONVERTER SYSTEM !

I I W/YF _ _
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, Figure 8. - Power generltlon systMs.
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A: POS. D)SP. I TURBO M/C= l
B: CENTRIF. -"-=- N ---- N

A. COMPRESSORS (CENTRIF.)
B. COMPRE|8OR$ (POll. DISP.)

- I ELECT. M'Cs J----N ---- ,
,*, PISTON k MO'=ORS b GENERATORS
B: TURBrNE B: MOTOR - GENERATORS

_|gure 9. - Power ouput as a functton of speed.

[ HYDRO'M ECHoELEC-I"R IC j
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;!i o .,o,,°
! POTENTIALOUTPUT KVA

KVA
: POTENTIALVOLTS AND KVA

* MIISION (FMGHT LOAD)

z

0 .li tJ_

CSD -'_ PU SPEED

[ ALL-ELECTRIC J

v V
' $ 1.0 $ 1.0
: KVA A K

.S .I )

o .e IJI o .s I_1 o .s I_
Pu U|EO 270 V -"-'-'_u,U SO||D W "-'"PU/VF, S_|OVSCF--"

Figure 10. - Speclftc po_r systea capability. _
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CSD VSCF

I PU KW -!- 1 PU KW 1 PU KW .{. 1 PU KW
17 17 " +2 PU KW 17 "=+2 PU KW

W/VF 27OVDC

+1 PU KW ---- 1 PU KW

1 PU KW 1 PU KW 1 PU XW
+ -- +2 PU KW

i •

T1 PU GEN. CAP A2 PU GEN. CAP.

Figure 11. - Effect of speed range - based on 2:0 engine speed range.
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Figure 12. - Electric feeder weight as a function of transmission voltage
:. and distance.

. L

.._.l

• AIb

64 _.
k: i _,

1984001988-064



ORIGINAL _,..,_ :,_

OF POOR QUALITY
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Figure 13. - Magneticsweight as a function of system frequency.
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Figure 14. - Dedicated power sources from VVVF system.
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Figure 15. - Synchronousgenerator performanceas a function of speed -
brushless wound rotor.

• REGULATION A FUNCTION OF:
v" IMPEDANCE DROP
V' SYNCHRONOUS IMPEDANCE Z
V' AIR GAP FLUX DENSITY
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v/ LOAD POWER FACTOR
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_ Ftgu_e 16. - VVVFgenerator regulation.
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Figure18.- Brushlessdc motorweightas a functionof speed- electronics
weightexcluded.
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. Figure 19. - Induction motor weight as e function of speed. '
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Figure 20. - Regeneration aspects of brushless dc motors.

, Figure21. - Regenerationaspectsof ac inductionmotors.
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Figure 22. - Cross sectionof 150-kVA samarium-cobaltstarter-generator.
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Figure 23. - RE-2] I engine start times with samarium-cobalt starter-generator, l
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Figure 24. - Technology value of all-electric airplane.
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Figure 25. - Gross takeoff weight savings with 350-passenger airplane - NASA

Lewis/Lockheed study, i
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Figure 26. - Gross takeoff weight savingswith 700-passengerairplane - NASA
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INSTALLATIONOF ELECTRIC GENEPATORS ON TURBINE ENGINES •

Herbert F. Demel
General Electric Company
Aircraft Engine Group
Cincinnati, Ohio 45215

This discussion of the installationof generators on turbine aircraft is
based on studies performed at General Electric, in particular the studies of
the samarium-cobaltgenerator.

Contributing technologieswere derived from three contacts: two fron,the
Aim Force, and one from the NASA Lewis Research Center. All three programs
had two common elements: the samarium-cobaltgenerator, and variable-speed,
constant-frequency(VSCF) solid-state technology. The generator-engine inte-
gration study was performed for the Air Ferce and finished in 1979. The goal
was to determine the feasibility of integral generators. A study based on the
Energy Efficient Engine (E_) program was performed for NASA Lewis. It sought

,. to define potential engine improvementsthat would provide performance in-
creases. The General Electric Aircraft Equipment Division performed a develop-
ment and hardware study for the Air Force on the 150-kVA _ermanent-magnet(PM)
VSCF starter-generator. The results of this study were applied to the other
two programs.

The potential advantagesof an electric secondarypower system at the
engine level are

(1) Improvedengine efficiency, by eliminationof constant bleed air
(electric-drivenenvironmentalcontrol system (ECS))

(2) Enhanced reliability because of the solid-rotorPM generator-
starter and fewer engine-mountedaccessories

(3) Improvedmaintenance b_cause there is only one type of secondary
power

(4) Improved accessibilitybecause the engine periphery is less congested
and the line replaceableunits (LRU) that remain are more easily replaced.

The seconaary power system must be evaluated on the overall aircraft level
to determine the net payoff. For example, weight added to the engine could be
offset by weight reductionson the aircraft; this is particularly true in the
integrationof generatorswith the engine. The applicationsfor the highand

• low-bypass-ratioengines are quite diffe-ent. In high-bypass-ratioengines
there is much more freedom to locate generators either inside or outside the
engine without increasingthe engine's frontal area. In low-bypass-ratioen-
gines the location is more difficult because the space in the front end of the
engine is smaller and also because we would like to minimize frontal area in-
crease. Existing engines would have to be analyzed for the effect on engine

• , dynamics. Of course, it is much easier to design an engine to incorporate

secondary power systems than to incorporatethem in an existing engine. A wide i
: spectrum of possible engine configurationswould have to be considered. The

all-electricsecondary power system that has only electric power extraction !

' would have electricallydriven accessories. A hybrid power extraction system 4

could still use some mechanical power (e.g., mechanically driven engine
accessories).

- The parametersfor system selection are performance,safety, reliability,

:_. maintainability,physical weight, volume, and initial and operational cost.

_" The higher efficiency of electric secondary power systems would reduce the
size of heat-exchanglngsystems, and result in a small improvement in the
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specific fuel consumpt;u, (_fc) of the engine. Permanent-magnet generators
require short-circuit protection s,'ch as a rotor disconnect. For hioh-speed
applications the generators would also require rotor burst protection. The
effect on engine efficiency in terms of specific fuel consumption would not be
as important since the secondary power level is r_atively small as compared
with the engine power, but has to be considered. Permanent-magnet-rotor gener-
ators would have to be safe in terms of electric safety, disconnects, or other
means and, in high-speed applications, burst protection. Reliability is one
of the highest priorities, especially if the generator is to be integrated
with the engine. Maintainability for an externally mounted generator would be
similar to that for current aircraft. However, the engine would ha_e to be
desigmed for easy access with _n integral generator. The engine physical
weight might not decrease. The volume available will depend on the Lype of
engine - high or low bypass ratio - _nd the power required by the aircraft.
Initial and operational costs would )e major trade-offs.

lwo different design concepts will be discussed: the integrated gen-
erator and the externally mounted generator. Each concept has advantages and
disadvantages.

Figure I shows a cross section of the TF-34 high-bypass-ratioengine with
a 120-kVA samarium-cobaltpermanent-magnetgenerate- integrated into the front
end. The generator,which also works a_ a starter, is placed on an extension
of the high-pressureturbine shaft; the stator is mounted into the frame struc-
ture. The generator is cooled by 200° F engine oii circulated through and
around the stator. To remove the generator, the engine must be removed from
the aircraft and split, which is of course a disadvantage. However, because
of the large dimensions and conservative design we expect high reliability,
ant thereforemaintenance would not be required frequently. The reliability
of this generator could be increasedmany times with improved technology. It
could then be viably integrated,especially in military aircraft. M_litary
aircraft have low-bypass-ratioengines or pure jet engines, where external
placement of the generators would increase the frontal area.

To remove and replace this generator would take 4 to 5 hours. It weighs
about 100 lb. Sixty kVA would be necessary to start the engine; the startup
procedurewould take about 23 sec, which is equal to pneumatic starting as was
desired.

The possible implicationsof engine dynamics have been _tudied, an_ in
this case it was not too great of a disadvantage to have the generator mounted
on the high-pressureshaft, although it resulted in a somewhat shorter bearing
life. This machine has about a 0.065-in. geometric radial gap. The sidE,
forces induced through eccentricity would be small.

• _igure 2 is also a cross section of a high-bypass-ratioengine. This is
the EJ engine, the result of the Erergy Efficient Engine program General
Electric is conducting for NASA, i .i_ design shows two 9enerators mounted
separatelyon an external gearbox located in the core area. Because the core
area is aft of the fan frame and between the core and the fan bypass flow duct,
cowl doors would have to be opened to get to thi_ area. The two generators

,_.' are rated at 150 kVA each; the use of two generators is the result of a study
for the all-electricaircraft where redundancywas required.

The accessory drive system can be made smaller by eliminating the hydrau-
lic pumps. If electric-drivenengine acuessoriesare used, the accessory drive

l system could be reduced even further. Electric-drivenengine accessories could
_: be located in strategic areas around the engine for easy access and maintain-
_"_. ability. One advantage of thls would be, for example, that a fuel pump could
_ be operated to get the flow desired withuut any bypass flow and with a decrease

in fuel temperature,
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FiqurE 3 is a frontal view of the area shown in fiqure 2, showin 9 the
]ocdliur_ af the generators mounted side by side. The generater speed is
24 000 rpm and the high-speed fuel pump speeo is 27 000 rpm. Each generatur
weighs about i00 ]b and is 10-1/2 in. in diameter and 14 in. long. The cvclo-
converters are mounted e _erna] to the e_glne and are readily accessible.

When the characteristics of the integrated engine-generator are con_Dared,
it is always to a base engine design that uses a Lonventional secondary power
system.

The ir,_egrated-engine-generator study was really a matrix of three studies
on three existing military engines: a large high-bypass-ratio CF6 engine; a
smaller high-bypass-ratio engine, the TF-34 used on the A-10 airplane; and a
high-performance, ]ow-bypass-rd_io engine, the F-404.

The stuay was conducted to determine the feasibility of an integrated
generator-starter. The ground rules were to use existing engines, a samarium-
cobalt generator, and VSCFtechnology. After the study one engine (the TF-34)
was chosen t_ be studied in greater detail. OnP requirement was the incorpora-
tion of a safety disconnect. Since a permanent-magnet generator cannot Le
deenergized as long as it is _utating, we had to disconnect it either mechani-
cally or electrically in case of a failure. An e_ectric fuse disconnect was
chosen as the best solution at that time, but others working on this problem
indicateother possible ways to safeguard against a short in the generator.

The results of this study show that the highest payoff of the integrated
generator-starterwould be in high-performanceaircraft, where it wJuld not
induce drag anJ therefoFe have a negative effect on aircraft design. The ap-
plication to high-bypass-ratioengines is not as advantageousbecause electric
power can be extracted through other means without affecting the frontal area
of the engine. For example, generators could be l_cated in the core area or
in the pylon.

The integratedgenerator-starterwould eliminate the accessory gearbox.
o _ There would not be a mechanical drive shaft extending to the outside of the

engine. Therefore the engine accessories wou_d have to be driven electrically.
An all-electricsecondary power system has only one snurce of power, in con-
trast to conventionalsystems, which have multiple sources of power. High
reliability results from fewer components and conservative design. Low mainte-
nance results from high reliabilityand the elimination ut subsystems. The
interface between the engine and the aircraft would _]so be simplified since
only fuel _nd electricity are transferredbetween them.

The disadvantagesare obvious: th= center of the engine is not readily
accessible since the engine has to be split and removed from the aircraft.
The redundancy Question had not been studied at that time, but it seems that
it would be difficult to achieve redundancy in the limited space available.
Development risk Js on any new system, wou_d be present.

The objectiJe o; the study using the Ej engines 'lasto define the opti-
" mal locationof the generator system on commercial aircraft. The se,_ction of

a twln-englne aircraft resulted in two generators per engine for redundancy.
The study showed that the externally mounted generators had more advantages
than integrallymounted generators for this application. The benefits of ex-
ternally mounted generators are as follows: th- generators can be optimized
since they are not limited _o engine speed, redundancycan be easily achieved
_vmounting two generatorson the accessory gearbox, the generators are easily
d:cessible for repair or replacement,and current-technologygenerators can be
used. The major disadvantageof exte,'nallymounted generators is that they

i! requlre amechanical drivesystemand an accessorygearbox, i_

In summary, the integratedgenerator is best used in turbojet and low-
bypass-ratioengines, where there is ,o easy way of placing generators
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externa]lywithout influencingfrontal areas. This weuld hp (he case for
high-perfcr_anc_dircraft, especially military, where the adjustment of engine
design on existing engines would bE feasible.

The h.ybridsystem, which wnuId use generators and mechanically driven
engine accessory systems, ha_ advantagesfor high-bypass-ratioengines. The
highest payoff would be on the overall aircraft level, where maximum power can
be extracted and used on the a_rcraft, for example, for all-e!_ctric environ-
mental control systems. The primary advantage of using samarium-cobaltgener-
ators, either integratedor exttrnal, would be their higher reliability as
compar d with cenventiona]wound-rotor generators. They also require _ess
maintenance and have lower life-cyclecosts. The techr,ologyof semarium-cobalt
generator starters is available now and could be incorporated into any existing
engine.

In conclusion, a comprehensivestudy would be reauired to show the advan-
tages and 6isadvantagesof all-electric secondarypower on the overall system
level. This multidimensionalmatrix would have to includ_ military as well as
tommercial aircraft. The electric power reauirements for engine-out and peak-
power conditionswould ha_a to be established and matched to the redundancy
requ red. The electric system Question of ac versus dc or the hybrid system
would have to be addressed, and the deve]_pment of end-user eqL'ipmentwould
have to proceed. Studies a_ the engine level would include the evaluation of
the locationand design of seconoary power systems, comparing integratedand
externallymounted generators. Systems have never been compared on an equal
basis: they have been compared with the baseline only, but not against each
other with the same ground rules. #dvanced engine accessory development would
have to continue, since fuel and lubricationpumps are components that actually
size the accessory gearbox because of their frontal area and mounting reouire-
ments. The use of electric power on the engine level would have to be inves-
tigated, inc]uding systems for thrust reversal and geometric actuation as w_ll
as new methods of electricallyanti-icing engine nacelles. New LU_,,,,v"-_--''-_-',u_,=_
must be pursu' _. nrovide protectin- against stator shorts in permanent-magnet
generators. ._ _ 'hine construction wouid allow redundant integraT genera-
tors to be t ._.
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Figure I. - 120-kVA. perman_,%-magnet integrated engine starter-generator.

\
(2) 180 KVA ImCo PM-MACHINES E3

Figure 2. - Gearbox-drlven starter-generator.
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pEOMA_P_T MAr_IrT _mr............. - ....... , _vJu_a AN_ GENERATORSFUR AIRCRAFT "*

E. F. Echolds
_iResearch Manu?acturing Company

Torrance, California 90509

This presentation covers electric motors and generators that use perma-
nent magnets to develop their flux fields. Most of the discussion is on the
rotating machinery, but aspects of control and power conditioning are also
considered. The discussion is structured around three basic areas: rotating
machine design considerations presents various configuration and material
options, generator applications provides insight into utilization areas and
shows actual hardware and test results, and motor applications provides the
same type of informatiGn for drive systems.

ROTATINGMACHINEDESIGNCONSIDERATIONS

Permanent magnets ca _ be used in a variety of configurations. Most appli-
cations are radial air-gap designs. The high-energy permanent magnets (fig. i)
that are in use today have very low tensile strength. Structural support is
typically accomplished through the use of a shrink sleeve, which assures a
continuous compression load on the magnets at all rotational speeds and temper-
ature extremes. The sleeves can be e_ nonmagnetic or bimetallic material. The
rotor with the radial magnets is the lowest cost construction method. Con-
struction using tangential magnets allows a larger number of poles and a higher
flux density since two magnets feed one pole piece.

The development of permanent-magnet alloys combining rare earths and
, cobalt, principally samarium cobalt, over the last i0 years has produced mate-

rials of more than twice the energy product of earlier magnets like AlNiCo 9.
In addition, the coercive _trength, or resistance to demagnetization of
s_marium cobalt, makes it ideal for motor and generator applications. It can

' work effectively into relatively large air gaps and will not permanently demag-
netize when subjected to overload currents. The demagnetization curves are
shown in figure 2 for two grades of samarium cobalt and AINiCo 9 for
comparison.

i High-speed or high-performance electromagnetic machinery operating with
samarium-cobalt magnets will often be l_ited in desi§n by the ability to cool

_ the stator assembly. Air cooling is the simplest method of stator cooling.
Air can be directed through the machine, over the housing, or both. A more
sophisticatedmethod is liquid cooling by means of a housing heat exchanger.
The maximum effectiveness is reached in a "wet" windin§ configuration,where
the coolant is brought into direct contact with the stator copper. Stator
cooling types are shown i, figure 3. Fluid cooling is more effective than air

) _ cooling, and the liquid-cooledhousing is the most reliable of the cooling
-_ I metnoos snown.

_:| To optimize a machine for any application,a large number of variables
"_| must be assessed. AiResearch ManufacturingCo. has developed a program, called
/| BIGMAG, that is capable of operating in either a motor or generator mode.
.!_i| When given the desired machine power and speed, the program can entimize the
_[_ design around any desired parameter, such as weight or efficienc.,while
/_ operating within prescribed design constraints, such as machine reactance or

_1 rotor t_p speed. The output from the program provides a complete description "

!
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of the stator and the rotor as well as the loss distribution and input and
outpu/ p_wer aL a variety ot ioad conditions.

GENERATORAPPLICATIONS

The voltage and frequency of a permanent-magnet generator are directly
proportional to speed. Most generator applications require operation over a
significant speed range. Since the output is at constant volts per hertz,
some of the unconditioned power can be used directly. Where regulated and
conditioned p_wer is required, ac, dc, or a combination can be achieved with
power semiconductors. The control can be done either at the generator or ot
the utilizing equipment, depending on the transmission considerations and the
environment or space available in the specific situation.

A samarium-cobalt permanent-magnet generator built by AiResearch for the
Naval Air Development Center is shown in figure 4. The power-conditioning
electronics, in Drassboard form, are packaged beneath the rotating machine.
Thyristors are used for the control capability over a 9000- to 18 O00-rpm
generator speed range.

,- The 8-pole rotor assembly showr in figure 5 displays the significant
features of a tangentiallyoriented magnet configuration. The steel pole
pieces have holes for weight reduction. The rotor support sleeve is beryllium
copper. Extensionsof the nonmagnetic center hub complete the rotor shaft.

One of the key features of the pErmanent-magnetgenerator is the transient
voltage response to step load changes :fig. 6). There is no electromagnetic
field time constant to delay the _lux field correction. The inherent regula-
tion of the machine controls the maximum voltage excursion on application or

- removal of load. The terminal voltage is electronicallycorrected by changing
the control thyristor firing angles to achieve the desired steady-state
voltage, The test data taken on the 270-V dc generator show the unit capabil-
ity in comparisonwith speci#_cationrequirementsunder a full 100-percent
step load change.

The dimensions and weights of the 45-kW, 270-V dc geperator are shown in
figu_'e7. The generator includes a quick disconnect,which is essential in a
permanent-magnetmachine. Because the generator excitation cannot be removed
in case of an internal fault, it is necessary to disconnect the generator from
the drive pad in order to interrupt the fault current. This disconnect has
been tested and therefore represents actual sized hardware. The final package
size for the control electronics is also represented in the figure. The
we,ghts shown in the figure represent a design of 3 or 4 years ago and could
be reduced in a new design.

One interestingarea of application for the permanent-magnetrotating
machine is its dual use as a main engine starter and generator. With more

- sophisticationadded to the control logic, the power thyristors can be used to
_' commutate the unit as an engine starter motor and then to switch mode when the
' engine is up to speed to provide aircraft electric power. AiResearch performed
_ _ a design study for a 150-kW starter-generator. The higher frequency results
_, 'i in a smaller machine, but for large aircraft transmittingpower at high
. I frequency presents voltage drop problems. For smaller (fighter type) aircraft
" ) with _hortercable runs, the high-frequencymachine might still be attractive.

i For commercial airliners and large military aircraft, the low-frequencyoption!

_:ij appears to _e preferable. The high- and low-frequencyoptions are compared in
'_-_;t table I. It should be noted that the high-frequency,high-speedmachine has a

_:_i significant advantage in electromagneticweight over the low-frequency,Iow-
,_ speed mac;.ine.
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Permanent-magnet motors provide considerably more flexibility than conven-
tional 400-Hz motors. Because there is no inherent speed constraint, the m_tor
can be matched to the drive requirement rathr- than forcing the driven equip-
ment off optimum design. When full-power out from a pump, fan, or compres-
sor is not required, the drive motor speed can easily be reduced by the control
electronics to reduce energy consumption. The controlle _ also permits limita-
tion of iqrush currents on startup. Even current limited, the starting torque
of a permanent-magnet motor tends to exceed that of an induction motor of
equivalent size. The disadvantage is that the power is handled through solid-
state devices. The ultimate goal is energy savings.

The application of permanent-magnet motors in aircraft systems is quite
broad and includes variable-speed compressors, primary and secondary flight
controls, variable-speed fuel pumps, variable-speed fans, and other actuation
and _otor systems. Key areas are those in whi the high-speed and variable-
speed features are useful. In addition, permanent-magnet motors are ideal for
servoapplications in flight control systems. The high torque-to-inertia ratio
and control characteristics are ideal for servosystems. General actuation and
drive motor uses such as landing gear actuation and valve position drives are
also suitable.

Motor converters can use thyristors, transistors, or a combination of the
devices in their power-switching circuits. In general, for higher power
levels, thyristors become more attractive because a single thyristor can handle
more power than a single transistor. Paralleling of Jevices has been done
successfully, but it does affect system complexity and cost. A good example
of a thyristor system would be a double-bridge arrangement where the variable-
speed generator output wo_;Id be rectified, voltage would be controlled by the
first three-phase thyristor bridge, and the motor-switching com_utation would
be done in a se,_nd thyrlstor bridge. For power applications of 6Q hp or less,

. transistors can De used with only two transisters per leg. Control and commu-
tation in one bridge circuit would be provided by modulating the six transis-
tors in the system when they were conducting during their commutation function.
Transistors, because of their superior control characteristics and growing
power-handling capability, will be used in most aircraft converter applications.

AiResearch continuously monitors state-of-the-art power transistors suit-
able for power-conditioning equipment. Internally funded research programs
allow for both testing and evaluation of such devices. As part of the research
programs, AiResearch has designed aqd built a special high-power transistor
test console, shown in figure 8. The console provides an effec'ive tool for

_' complete _evice characterizationin both chopper and inverter modes of opera-
tion. This is a necessary effort to determine how transistorswill operate in
the final circuit.

Performancetesting has been completed on a 26-kW, 26 O00-rpm samarium-
_ cobalt motor driven from a dc line. The control approach uses a series tran-
_ sistor chopper feeding a thyristor bridge. The efficiency of the motor is

shown in figure 9 over a 4:1 speed range and a 4:1 shaft torque range. The
excellent efficiency characteristicsshow the potential for energy savings
where variable speed is desired.

AiResearch has also developed a primary flight-controlactuator under a
contract from the Air Force Flight Dynamics Laboratory at Wright-PattersonAir
Force Base. This design, shown in figure 10, uses two samarium-cobaltmotors,
since a completely redundant system was required. The motors are six-pole

| machines with tangential magnet orientation operating at 9000 rpm at the full
_ 270-V dc input. The performance characteristicsof this actuation system are
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summarizedon the figure. The motor alone is approximately3.5 in. in diameter
and 8 in. long.

High horsepower can be achieved in relatively small machines if high-speed
operation is acceptable. However, small motors operating at high speeds intro-
duce significant cooling considerations, in addition, the maximum horsepower
that can be achieved at a given speed is limited by the rotor diameter and the
rotor length-to-diameter ratio because of critical speeds and other dynamic
problems. Figure ii illustrates a safe eperating region for machines desigrled
with radial magnets and shows the general characteristics of the power limita-
t;on with respect to speed. TEe absolute power Jimit for a given speed is
dependent on application details. This curve can be improved by using other
design tecKniques; however, the basic message is that for large horsepower
machines, the speed will be limited.
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TABLE I. - COMPARISONOF 150-kWGENERATOR-STARTERMOTORS

HIGH LOw,
FREQUENCY FREQUENCY

SPEED 18,990 14,250

POLES 8 4

FREQUENCY 1266 475

" DIAMETER 5.81 8.27

LENGTH 9.38 12.88

ELECTROMAG N ETIC 50.88 84.50
WEIGHT
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Figure 1. - Permanent-magnetrotor typ_s.
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Figure S. - 270-V dc ]enerator rotor assembly.
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APPLICATION OF ADVANCEDMATERIALSTO ROTATINGMACHINES

Jame_ E. Triner
National Aeronautics and Space Administration

Lewis Research Center #
Cleveland, Ohio 44135

In discussing the application of advanced materials to rotating machin-
ery, we will cover the following topics: the torque-speed characteristics of
ac and dc machines, motor and transformer losses, the factors affecting core
loss in motors, advanced magnetic materials and conductors, and design trade-
offs for samarium-cobalt motors.

Figure I shows the torque-speed characteristics for various types of
motors. The series motor has a high starting torque for very low speeds. The
shunt motor and the permanent-magnet motor can be used as control devices for
many of the components within the all-electric airplane. Many of the charac-
teristics of the shunt and permanent-magnet motors can be duplicated with a
wound-rotor motor by varying the rotor resistance.

Figure 2 compares the losses within a 5-hp, three-phase motor and a 15-
kVA transformer. The basic difference is that the m_tor has friction and
windage losses in addition to core (iron) loss and I_R loss. However, as

the load on the transformer increases, t_e copper loss (the 12R Inss) pre-
__ dominates. Similarly in the motor the ! R loss is the major loss at higher

foods.
Figure 3 shows weight and efficiency as functions of frequency for a 50-

kVA transformer. It illustrates the advantage of using higher frequencies.
Of course, from 60 Hz to 400 Hz there is a dramatic change. At slightly

i higher frequencies, around 1000 Hz, there is another significant drop in
weight. However, at too high a frequency, the weight gain is not that signif-
icant. The peak efficiency for this particular design is at 5 kHz. Ti_iscon-
tradicts the old adage of copper loss and iron loss being the same. For this
particular design the copper and iron losses are the same at I0 kHz, which is

' not the optimum efficiency point. The figure shows that significant trade- :_
: offs can be made in designing both transformers and motors for advanced all- .

el_ctric airplanes.
i Figure 4 shows some of the factors affecting core _oss. For a simple
i two-segmentcommutator (on the left) if we look at one phase, it is essen-

tially a pulsating square wave; if we combine a number of elements (lower "
._ left),we get a high-frequencyvoltage ripple. This would translate into a

loss within the material. The diagrams on the right show that under the pole
faces, without any rotor current, the magnetic fielo is constant. However,
when current is applied in either a generating or a motoring mode, the distri-
bution :_ flux density tends to increase in one pole face and to decrease in
the other pol_ face as the machine goes through a cycle. This would limit the
flux density at which the motor or generator could be operated.

Figure _ shows this even more significantly. The current flowing in the
rotor actually decreases the flux density in the left side of the pole pieces
(shown by path 2). Through path I the flux density is essentiallyconstant.
Through path 3 the current actually enhances the flux density within the
machine. Thereforeflux density changes linearly across th_ pole face as cur-
rent is applied. At higher flux densities magnetic saturation is approached,
as shown by the flattened tip of the flux waveform. This would result in ad-
ditional _ore loss.
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Figure b compares three materials wlth the properties required in rotat-

ing machinery. A fairly high flux density is required to get the windings of
the machine smaller and reduce the accompanying I_R loss. Armco M-4 steel
is presently being used in most rotating machinery. The new Metglas 2605 sig-
nificantly reduces core loss to about one-fourth that of M-4. However, this d
may not be a fair comparison because the M-4 is _luchthicker than the
Metglas - 4 mil as compared to I mil. Another material, Supermendur, also has
high flux density characteristics,but its losses are greater than those of
M-4 even though it is thinner. Thus from a loss standpoint,M-4 is better
than Supermendur at this point. However, Metglas may be a formidable con-
tender as a new material for rotating machiner).

Metglas has been applied to some transformer designs with a significant
reduction in iron loss (fig. 7). Also because of the reduction in iron loss
and the higKer flux density characteristics,the copper loss could be re-
duced. Since this is a phenomenon that increaseswith the squ_re of the cur-
rent, the reduction in copper loss is fairly significant.

Lewis is investigatinga new material called intercalatedgraphite.
Table I shows that intercalatedgraphite can achieve the same levels of resis-
tivity as copper and aluminum at one-third of the weight. It also has a much
higher strength than copper, so that it could be integrallywound as part of
the structure of either the rotor or stator of the machine. This should sig-
nificantlyreduc_ the weight and increase the strength of the motor.

Samarium-cobaltmotor studies have been performed for electric vehicle
research. Figure 8 shows the percentageof total weight for the different
components for a current and two advanced samarium-cobaltmotor designs. The
current motor weighs 1.7 lb/hp, Using the Metglas, a lightermaterial with
less loss than the iron presently used for motor designs, significantlyre-
duces the percentage of total weight of iron while keeping the same amount of
copper used in the current design. The specific weight decreases to 0.74
Ib/hp. Incorporatingintercalatedgraphite fibers changes the weight distri-
bution again. Here intercalatedgraphite would also be used in the frames.
The weight of the machine is again significantlyreduced, to 0.57 lb/hp.
These machines operate at 8000 to 9000 rpm. Raising the operating speed to 20
000 to 26 000 rpm would decrease specific weight further',to around 0.31
Ib/hp. It appears that quite a bit of design work could be done in this area
to support an all-electricairplane motor.

In summary, the major motor losses are core (iron) loss and 12R
(copper) loss. With Metglas, core loss can be reduced by a factor of 4, and
Metglas is lighter than conventional electrical steels. Intercalatedgraphite
conductors may have resistivityequal to that of copper at one-third of the
weight. Also high-speedsamarium-cobaltmotors have high efficiency and low
specificweight. Therefore significant latitude is available in designing
rotating machinery for an a11-electricairplane.
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TABLE I. - CHARACTERISTICS OF INTER_LATED GPJ_PHITEAS COMPARED

WITH COPPER, ALUMINUM, AND GRAPHITE

Material Denslt#, Resistivity, (Figure of merit) -I, Cost,
glcm_ a-cm m #Icm3

Copper 8.9 1.8xi0-6 16 19.6
Aluminum 2.7 2.8 7.6
Graphite 1.7 40 68

a1,8 4.9
Intercalated 2.7 b2.8 7.6 10.5

graphite c6 16

Material Density, Strength, Ratio of strength Thermal e_pansion,
g/c_" psi to weight "C "1

" Copper 8.9 32x10-3 3 600psi 16x10-6
: Aluminum 2.7 16x10 -3 6 000 psi 14 :_

Steel 7.9 600000 76000 7 ,
Intercalated 2.7 (300 to 1000)xlO 3 (180 to _'_)xlO-3 -i
graphite

aposslble.

': bNeeded to compete with aluminum.

i CNeeded to compete with copper.

!
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INTERC#,LATEDGRAPHITE ELECTRICAL CONDUCTORS •

Bruce A. Banks
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

For years NASA has wanted to reduce the weight of spacecraft and air-
craft. It would certainly be advantageousto find a lightweight_ynthetic
metal to replace copper. The subject of this paper, intercalater_graphite,
is such a material.

As shown in figure I intercalatedgraphite is made by heating petroleum
or coal to remove the hydrogen and to form more covalent bonds, thus increas-
ing the molecular weight. The coal or petroleum eventually turns to pitch,
which can then be drawn into a fiber. With c_ntinued hea'ing the pitch-based
fiber releases hydrogen and forms a carbon flber. The carbon fiber, if heated
sufficiently,becomes more organized in par_-llellayers of hexagonallyar-
ranged carbon atoms in the form of graphite. Certain chemicals or dopants are
introducedbetween the layers of this high-temperature-treated,highly orien-
ted graphite fiber. These chemicals, called intercalants,react with the
carbon to form a large molecule and are diff,,sedinto the graphite between its
layers of carbon atoms. The intercalantsaffect the electron distributionof
the carbon in a manner that increases its electrical conductivity.The conduc-
tivity in the A direction (in the planes) is substantially increased. In the
C direction (perpendicularto the planes) it is not increasedat all. A con-
ductor of intercalatedgraphite is potentially useful for spacecraft or air-
craft applications because of its low weight. These intercalatedgraphite
fibers can be coated with various metals so that they can be soldered. With
an appropriatefiber cable design, it may be possible to terminate them and
treat them much like conventional conductors.

As shown in figure 2 the mass of a wire is eaual to the density n times :_
the area A times the length L. Resistance is pLIA, were p is resis-
tivity. For a wire of a definite length that is to have a certain resistance,
the resulting mass is proportional to the length SCluared,because the longer
it is, the thicker it must be to have the same resistance. Density and resis-

' tivity can be varied in searchir,g for the ide_l conductor. Ideally, one wants
to reduce the mass of conductor on an aircraft or a spacecraft by keeping its

; weight and resistance low.
: Depending on the specific application,a variety of materials can be used
; (table I). Although copper is fairly dense compared to other materials, its
' resistivityis very low. A,uminum is slightly more resistive but substa;,-

tially lighter, so that its product no is about half that of copper. ;
Although that is good, aluminum suffers from some engineering termination
difficultiesthat have tended to reduce its widespread replacement of copper
conductors. Other materials are better than aluminum, such as sodium, which
is even farther from being a practical wire material bucause of its reactiv-.
ity. Graphite fibers are much lighter than aluminum but have _xtremely high
resistivity (250 pQ-cm). However. if the graphite fibers are heat treated
at high temperature, they become highly oriented and possess low resistivities
(40 to 60 uQ-cm) ilndwill have densities that approach slngle-crystaldensi-
ties of 2.26 g/cmJ. The product np is stt11 higher than that of copper by
a factor of 4. However, Intercalated htghly oriented pyrolytic graphite
(HOPG) has an no of 4,3 uQ-cm as compared with 15.1 wa-ce for copper. The
problem is that HOPGis not a fiber but a bulk material and so does not have

1o3 %
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Lh_ chdrdcL_r;3Li(.3 _uiLdbl_ Fur" rdl,riLdliun uF d wir_. ir, Ler'cdldLeu graphil_
fibers have a slightly higher np of 8.1 u_--cm, which is still better than •
that of copper. There are pra:tical problems that n_ust be resolved. For
example, arsenic pentafloride is a very airreactive intercalant. There are
many ways of treating the fibers or of using other intercalantsso they will
not be air reactive after intercalation.

Interca]ationhas other potential advantages, as shown in table II.
Intercalatedgraphite fibers are extremely strong (250 000 psi compared with
40 000 psi for copper) and have a high strength-to-welghtratio. The expan-
sion coefficient is much lower than that for copper. This might make them
ideal for high-tension lines because they would not droop due to thermal
expansion in the summer.

As shown in figure 3 when HOPG is i,._ercal_ted,its normal resistivity
p of 40 _Q-cm is reduced by some constant k depending on the type of inter-
calant. For arsenic pentafloride, k = 24.2. The mas_ of the conductor then
is dependent on n, p, k, R, and L. The resistivity is dependent on two com-
ponents. Resistance is offered in the conductors as a result of phonon inter-
action with the electrons and defects interactingwith the electron transit.
Phonon interaction is not changeable, but one can obtain relatively
defect-free graphite.

Thus there are several factors that cannot be easily changed: the den-
sity of intercolated gr,_hite does not vary much, the phonon term r_nnot be
changed, length and resistance are prescribed. However, try to minimize
the mass of the conductors, we can try to find graphite that is well organized
and defect free and then search for the ideal intercalant by focusing on the
terms outside the bracket in ,igure 3.

The orientation and number of defects are directly dependent on the proc-
ess used to make the fibers _fig. 4(a)). Both the structures and the proper-
ties are affected by processing. If oil or coal is heated, it begins to
increase in molecular weight and hydrogen is evolved. It goes through a
liauid-crystalphase, called mesophase. As the process continues with in-
creasing temperature (1000" to 2500" C), we eventually obtain carbor;. In-
creasing temperatureto 3000" C increases organizationand graphitizationto
produce an ideal graphite-likestructure.

In the liauid phase, where the pitch becomes a thick fluid, it initially
is not very organized, that is, there is an isotropic orientationof hexagonal , '
platelets. Within this sea of randomly organized, or disorganized,platelets,
there develop droplets of the me.sophase,or liauid-crystalphase. In this
phase the platelets liak up and gradually change direction, so there is very
good organizationwithin these spheres. They also coalesce as the materlal is
heated (fig. 4(b)). Each hexagonal platelet touches the next and there is a
gradual smooth transition to a more complete liauld-crystalphase.o

Figure 5 shows pitch coalescing under polarized light. Droplets of the i
_ _sophase llaJid crystal are Inwnisciblewith the surrounding Isotroplcpitch

and thus gradually get bigger as they coalesce. Figure 6 shows a polarized- |
:_ light pnotomicrographand a d_wlng based on interpretationof the orientation _.
_! of the plctelets In the polarlzed-11ghtphotomicrograph. The 11nes are drawn .
"_J paraliel to these platelets. The platelets follow each other in a contlnuou_ _
_, manner just as in a pneumatic liauid crystal in _hat there is a contlnual or _

i gradualvariationin orientation of these plateIc:;._xtruding the n_sophase i11auld crystal with so_ of the g]obules that _avr ,.c_!c_c_din this sea of i
random changes in direction through sptnnerett_ pr,,,_des furti._r directional
organization to these fibers (fig. 7). This spu_ mcsophase pitch-based carbon
fiber (fig. 8) is not necessarily a graphite fiber unless it is heat treated. _

Generally, spun carbon fibers are of the orde, of 10 um in diameter, w@_:h is
i
ii ;04 ,.
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ideal for a variety of engineering reasons. Figure 9 is an end view ol such a
fiber; it shows no semblance of grap_,,te organization. It is simply a carbon
fiber that has been extruded and is largely amorphous. It is not graphitic.
It is a fiber of the type one might use for structural composites. However,
by suitable processing and proper heat treatment, the fiber can be organized
with an onionskin type of geometry (fig. !0), where the graphitic planes are
organized circumferentially just like the skin of an onion. This type of
fiber is very difficult te intercaiate because intercalation occurs through
the edges of the planes. Because there are very few edges present, it is
difficult to intercalate radially. However, e can _imilarly fabricate a
different type of fiber (fig. II) in which the planes are radial. The wedge
is caused by further shrinkage of the fiber due to hydrogen release, but this
does not occur in all radially oriented flbers.

The radially oriented fiber is the ideal geometry t _ intercalate. Even
with this orientation it is possible F;ot to have =n ideal geometry of AB,AB
staggered orientation of hexagonal planes, but rather a geometry of parallel
Jut rotated planes with respect to each other. This is called turbostratic
graphite (fig. 12). Although it is disorientation of a lower importance, the
defects causing poor conductivity must also be eliminaLed.

Figure 13 shows an internal void. These voids and surface defects all
increase the resistivity of a fiber before intercalation anJ have a direct
effect on the ultimate resistivity. Figure 14 shows an included particle,
which is another defect to be avoided. Progress has been made by various
types of treatment and processing to minimize the occurrence of these defects.

i The molded graphite normally found in a machine shop (fig. 15) is poly-crystalline and has fairly high resistivity and low density (table III).!
_ Extruded graphite is slightly more organized and has a higher density. Pyro-lytic graphite exhibits both gooH organization and anisotropy. There are

ii three orders of magnitude differ_ace in the resistivity in the plane as

opposed to through the plane. The highly oriented pyrolytic graphite (HOPG)
exhibits _he highest degree of organizationand anisotropy. The most highly
organized fiber, PIO0, which is commerciallyavailable, has d resistivity of
250 _Q-cm. Pyrolyticallydeposited fibers have been made in which the
fibers have been grown through decompositionof organic gases; these have
propertiesthat approachthose of HOPG. Intercalationof these fibers would
result in very high conductivity.

The intercalantused in figure 16 is potassium. Figure 16 shows a first-
stage intercalationin that there is one carbon layer between each intercalant •
layer. The compound is actually C8K. One can put various intercalantcon-
centrationsin materials. For example, you could have a first stage compound
where it is between ever) carbon layer, or a second stage (between every other
carbon layer). To obtain the higher conductivityper volume, a second or
third stage would generally be optimal, although at least 10 stages have been

i identified. Stages of intercalationare sho_n in fig_:re17.
Some of the many intercalantsinclude K, Br2, Cl2, Cs_ Li, Na, F, Rb;

I N205, SO3, Cr02; IBr; ICl, AICI_, CuClp, FeCIR, NiCIp_ MnClp, ZnClp, SbCl5;
PdCl2, MoCls; Cr02CI_; Ba(NH3)21 H2S04_ SbF5;-andAsF5. MaBy of tBe inter-
calants such as bromne are very alr reactive. Some of them such as copper
chloride are not air reactive. A reactive material can be introducedfirst
as a wedge to pry apart the molecules so that another material can be intro-
duced later. Figure 18 shows pyrolytic graphite strips that have been inter-
calated with bromine as wel] as virgin graphite. The intercalatedgraphite
strips are wider (the outside two pieces). They were intercalatedby immers-

ing the graphite in bromine and as a result they became about 30 percent _ .
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thicker. They delaminated because this bromine wedge was driven in so fast
that stressesexceeded the intralaminarbonding forces.

Figure 19 shows two pieces of pyrolytic graphite held by small C-clamps.
The left one is not treated; the right one was intercalatedwith gaseous bro-

mine and photographedusing laser holography double exposures. The exposures i
were taken 30 seconds apart° The interferencefringes indicate the inter-
calant is leaving from the edge. Thus, intercalationswells the graphite and,
as it deintercalatesto some residual compound, it actually gets thinner. The
process occurs out the edges rather than through the face.

If intercalationis done too Quickly, by immersion in liquid bromine,
defects will be generated that can increase resistivity. Figure 20 shows
pyrolytic graphite that was intercalatedby liquid immersion rather than by
vapor exposure. The intercalationwas so rapid that it disrupted the surface
structure of the graphite. Deinterca_tion occurred all over the surface not
just from the edges - indicatingstruc,ural damage to the surface.

Figure 21 illustrateswhat happens in real time with respect to resist-
ance of pyrolytic graphite strips upon intercalatingwith bromine. The
resistivitywas reduced by a factor of 16.7 in 280 minutes. When the graphite
was removed from the vapor, it began to deintercalate,so the resistivity
increasedagain (fig. 22). However, it did not rise to the same level. There

, was a net reduction in resistivityof 4.3 _Q-cm in this particularexperi-
me,t. Thus there was a net increase in conductivity.

Many engineering aspects pertinent to the practical applicationof inter-
calated graphite conductors need to be looked at. One is coating fibers to
make them solderable. Figure 23 shows a fiber that was electroplatedwith

, copper. The coating is not uniform. One would like a very thin coating; one
would like to be able to solder these fibers so that they could be treated
like a conventionalwire to at least some extent. One of the problems with
the particular proces_ used is shown in figure 24. As can be seen, some of
the fibers have coalesced during electroplatingand would be less flexible

i because the plating joins them and they fracture Quite easily. NASA Lewis is
looking at a variety of intercalants. Many engineering aspects must be
considered before they can really compete with copper conductors, but there
are many exciting opportunities. A suitable method of terminating a bundle of _
brittle fibers must be determined. The fibers have to be coated for soldering
so that they can be used from a spool just like a conventionalwire. A suit-
able insulationhas to be derived for them that is intercalantresistant,with

considerationgiven to limit fiber flexure. If you bend fibers over too small
a radius of curvature, they will fracture because they are so thin, but coat-
ing with insulationshould make them more pliable. At high current, inter-
calated graphite "wires" may get hot momentarily,which may affect the
intercalamt: it may deintercalateor it may go to a different stage in inter-
calation. Thus the residue intercalationc_pound has to be stable on
exposure to air, moisture, salt, or vacuum. It must be stable under steadily

t_ applied dc and ac fields. Some of these concerns are not well understood at
this point and they are subjects of current research activity.
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,f
TABLE I. - CHARACTERISTICSOF MATERIALS

Material Density, Resistivity, nxp,_
n, p, ,g-cJ/cn_:

glcm3 .n-cm

I -Copper e.9 IS.I
Magnesium I.74 4.4 7.7
Aluminum 2.7 2.8 7.6
Sodium .97 4.8 4.6
Calclum 1.55 3.4 5.2
Graphitefibers 2.15 250.0 537.5
Highlyorientedpyrolyticgraphite (HOPG) 2.26 40.0 90.4
Intercalatedgraphitefibers(AsFs) 2.7 3.0 8.1
Intercalated.HOPG (AsF5) 2.7 1.6 4.3

; TABLE II. COMPARISONOF INTERCALATEDGRAPHITEFIBERSWITH METALS

y I

___ Material Tensile Strengthto Thermal
_ strength, weightr_tio, expansion

psi psi cm_/g coefficient,
:- _ 1/C"

Copper 40 000 4 490 16x10-6
Aluminum 80 O00 29 600 ]4

, -_ Steel 400 000 50 600 7
r Intercalatedgraphitefibers 250 000 147 O00 i

TABLE III.- CHAILACTERISTICSOF MOLDED GRAPHITE

Resistivity, Oens_ty,

Bulk carbon
Moldedpo1_rystalIIne graphIte 1 400 I.75 i
Extruded polycrys{alline graphite 900 1.77
Pyrolyticgraphite

A 250 2.20
C 300 000

Highly oriented pyrolytic graphiteA 40 2.26
C 200 OOC)

I Carbon fibersThornel 300 (450 kst tensile) 1 800 1.75
Thornel 50 (pan) 750 2.02
Thornel PIO0 (pitch) 250 2.15
Pyrolytically deposited (endo) 59 ......

4
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Figure 5. - Polarizationof pitch under polarized light.
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F19ure 6. - Polarlzed-llght photomicrograph and drawing based on orientation

t of platelets tn photomicrograph,
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Figure 9. - End view of spun meso-phase pitch-based carbon fiber.
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Figure 23. - Fiber electroplated with copper, f(_l_.'
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NEWDEVELOPMENTSIN POWERSEMICONDUCTORS

Gale R. Suadberg
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

This paper represents an overview of some recent power semiconductorde-
velopments and spotlightsnew technologiesthat may have significant impact
for aircraft electric secondary power. Primary emphasis will be on NASA--
Lewis-supporteddevelopments in transistors,diodes, a new family of semicon-
ductors, and solie-stateremote power controllers. Several semiconductorcom-
panies that are moving into the power arena with devices rated at 400 V and
50 A and above are listed,with a brief look at a few devices.

Advanced power electronic component development for space applications
has been going on at NASA Lewis for more than a decade, as shown in figure I.
A wide range of developmentwork has been done, including transformers and
inductors,semiconductordevices such as transistors and diodes, remote power

•. controllers, and supporting electrical materials development. Present power
component capability for space applications is about 25 kW. Work in the early
and middle !9BO's should raise thi capability to 100 kW and begin to move
toward a megawatt capabi!ity.

Industrial Research & Development Magazine recognized the D60T high-power
switching transistor as one of the 100 outstanding new oroducts introduced in '_
1978. The D60T - a triple-diffused,NPN s11icon transistor - introducesa f(_;
combination of expanded pc';erranges, low energy losses, and fast switching

" speeds. Rated at 400 to 500 V and IO0-A continuous (200 A peak) collector
currents, these transistors have reduced transistor switching times by a fac-
tor of 2 to 5. Therefore they are used in 50-kHz inverter designs. Principal
applicationsare dc-dc inverters,dc motor controllers, and solid-state remote

i power controllers Research devices based on this technology have proven

feasiDle to 1200 V, and with larger area silicon wafers, power-handlingcapa-
bility to 100 kW will soon be available.

Against the backdrop of a circuit diagram for a solid-state remote power
._

controller a technician holds a D60T ready for assembly in a stud package
(fig. 2). In her right hand the interdigitatedsilicon wafe."can be seen in-
side the base. The emitter-base contacts are visible in the ceramic-to-metal "

i top held in her left hand. To the left are shown three package types: aspecial flat-base package (a modificationof the stud package), a stud pack- '

;' i age, and a disk package.
Figure 3 shows the Westinghouse DTST, which is now being marketed as a

direct transfer of technology from a research contract supported and directed
by NASA Lewis. The two package types available are shown in the center photo- .
graph. Around the photograph are listed the features and applicationsof the
DTST. The primary benefit of the new transistorto NASA is the extension of
the power-handlingcapability to 50 kW without parallelingof transistors.
This opens new areas of application and direction for future space power sys-
tem design.

The main ratings and characteristicsfor a 1000- to 1200-V transistor
developed by Westinghouseunder contract to NASA Lewis are as follows:
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Voltage, V .......................... 1000 to 1200
Current, A .................. 25 to 40 (gain of 10); 120 peak -
Power handling, kW ............................ 30
Power dissipation at 75* C, kW ..................... 1.25
Rise and fall times, usec ........................ 0.5
Storage time, usec ............................. 3

Westlnghousesuccessfullycompleted the program by delivering 50 transistors
that met the listed specifications. The 33-mm-diameterwafer used the same
emitter-basegeometry as the D7ST.

The ratings and main characteristicsfor augmented power transistors to
be developed in a research contract now under way at Westinghouse are as
follows:

Voltage, V ........................... 800 to 1000
Current, A .................. 70 to I]2 (gain of 10); 400 peak
Power handling, kW .......................... 75
Power dissipationat 75* C, kW ...................... 1.25
Rise and fall times, usec ........................ 0.5
Storage time, usec ............................ 2.5

Transistors from this program should be available by the fall of 1982.
The two significantdevelopments of this program will be demonstrationof
glass passivationof the wafer to provide hermetic sealing of the junctions
and a new package that isolates the thermal and electrical interfaces.

Figure 4 shows the benefits to NASA, the features, and the general appli- _,_
cations of a newly developed 50-A, 1200-V fast-recoverypower diode. Power
Transistor Company developed the new diode on contract to NASA Lewis. Because
of the large commercial demand for such a device in motur controllers, Power
Transistor Company is already marketing the product as their PTC 900 series
power rectifier.

Figure 5 is a copy of a data sheet showing both bipolar and Darlington
transistorsrated at 450 V and 100 A. They are encased in an innovativepack-
age with separate electrical and thermal interfaces. The transistorscan be
easily paralleled. Fuji has recently introduced a new IO00-V, IO0-A transis-
tor to add to a growing family of power semiconductors.

One of Motorola's new Mj series of Darlington transistors is shown in
this partial copy of a data sheet (fig. 6). This is a totally new package
with isolated electrical and thermal interfaces. This model is produced in
three ratings: 850 V, 50 A; 450 V, 100 A; and 250 V, 200 A.

, Figure 7 shows one of several models of bipolar and Darlington transis-
tors available from Power Transistor Company. They are working on a new low-
cost package, a 1000-V transistor,and a gate turnoff thyristor for 460-V ac
motor control applications. They are also developing a 150-A, 1200-V fast-

J recovery diode on contract to NASA Lewis. This will be a higher cu_-_nt ver-
sion in a DO-8 size package of the PTC 900 series described previous,j.

;_ Table I shows the ratings of three new Darlington transistors under de-
", velopmentat the GE Discrete Semiconductor Device Center in Syracuse, N.Y.

The three devices (ZJ504E, ZJ604E, and ZJTO4E) are compared with an existing

device, the ZJS04. These new Darlingtons are being developed as the primary
• switches for a pulse-width-modulated(PWM) inverter-_tor controller in an

advanced electric vehicle power train program. This effort, supported by the
DOE and managed by NASA Lewis, is under contract to Ford Motor Co. with

:I General Electric as the major subcontractor.

i
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Table II shows the specifications in greater detail for the 604E/704E
versions oi the new ZJ series under development by General Electric. Also
qiven are specifications for a high-power flyback diode used in the PWM
i_verter-motor controller. New packaging concepts are also being explored in n
this work.

Several companies that have, or soon will have, bipolar, Darlington, or
metal oxide semiconductor field effect (MOSFETS)transistors in the 400-V,
50-A and above power ranges are listed here.

(1) Fuj Electric Co. Ltd., Dallas, Texas (Japan)
(2) General Electric Co., Auburn, New York

I_ Hitachi Ltd., JapanI International Rectifier, El Segundo, California
(5) Motorola Semiconductors, Phoenix, Arizona
(6) Power Tecn, Fairlawn, New Jersey

!7) Power Transistor Company, Torrance, California
_8) Siemens AG, West Germany

Solitron Devices, Riviera Beach, Florida_) Thomson CSF, Canoga Park, California (France)
• (11) Toshiba Corp., Japan

(12) Westcode Semiconductors,Fairlawn, New Jersey (England)
(13) WestinghouseSemiconductor,Youngwood, Pennsylvania

In the case of foreign companies the city and state of the U.S. distributor is
given where known. ,__

Thermal Associates has introduced a new concept in packaging high-power _
semiconductorchips (fig. 8). This package is lighter than conventional
packages, yet it provides compression bonding of electrical leads without
soldering or other point-contactingmethods. Of primary importance is the

rI separationof the thermal and electrical interfaces of the package.
Figure 9 shows a new invention, the FET-gated transistor (FGT), by

Or. Daniel Chen of Virginia Polytechnic Institute and State University. NASA
Lewis is presently supporting a grant to VPI/SU to prove feasibility and to
develop the concept. On the figure QI is the main bipolar power transis-
tor, Q2 and Q3 are power field effect transistors (FET's), and D is a
Zener aiode. TileQ2 is in a Darlington, and the QR is an emitter-open
configurationwith -QI' Conduction in Q1 is contr61led by signals to
the gate terminals of Q? and QR. Dr. Chen is presenting a paper en- •
titled "FET-GatedHigh V61tage Bipolar Transistors" at the upcoming IEEE
IndustrialApplicationsSociety Meeting in San Francisco, October 4-7, 1982.

The primary advantages of the FGT are fast switching, no reverse-bias
second breakdown (RBSB), very simple drive requirements,and good use of the
semiconductorchip area. The use of emitter-open switching essentially elimi-
nates the bipolar storage time delay and gives very fast switching speeds. It
also eliminates RBSB problems and thereby reduces the need for energy-wasting
snubber circuits. The FET bipolar combinationenables the bipolar to be

operated safely at the VCEO. sustaining rating. This fact reduces the bi- i
polar chip area reauired SUCh that the total chip area of the combinationwill _ _

_ be comparable to that of a bipolar transistor.
A new family of semiconductors,called deep-impuritydevices, is being

investigatedat the University of Cincinnatiwith NASA Lewis support, in
understandinghow deep-impuritydevices work, we must look at bulk effects in
silicon (or some other semiconductormaterial) rather than typical p-n junc-

tion characteristics. We are interested in what happens in silicon doped with
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a deep impurity such as gold betweer, charge-injecting electrodes. We are in-
vestigating the addition of impurities to silicon that add one or more energy
levels at or very near the center of the energy band. The center lies at 0.55
eV from both the conduction and valence bands in silicon. We use shallow im- #

purities to compensate the material (that is, to adjust the Fermi level) but
do not form conventional p-n junctions. Three types of gating are possible i
and have been explored in this work. Switching can be accomplished by light
gating, injection gating (the addition of an injection gate in the space be-
tween anode and cathode), or MOS-voltage gating (metal-oxide-semiconductor
gate).

Switching devices and transducers are the areas in which most of the ef-
fort to date has been focused. The primary interest now is in switching de-
vices with gate-controlled threshold voltages (limited only by the breakdown
voltage of silicon), controllable holding voltage giving evidence of zero for-
ward voltage drop, thyristor-like switching with both turnon and turnoff capa-
bility, logic functions, PWMcontrollers, discriminators, and optical
switches. Of secondary interest has been the demonstration of severa_ very
sensitive, miniature transducers: gas flowmeters, magnetic field Hall-type
probes, temperature-to-frequency thermometers, and infrared detectors. The

_ gas flowmeter is a hot-wire anemometer type, but only 0.2 mm on a side, with
response times of a second and much greater sensitivitythan a p-n junction
device. The multiple-internal-reflectionextrinsic infrared detectors have
demonstratedQuantu_nefficienciesgreater than 34 percent, a flat detectivity
curve out to 160 K, and multiple frequency ranges when using silicon-germanium
alloys.

The capabilitiesof voltage-controlledoscillato,'sand detectors, _
voltage-controlledpulse width modulators and delay lines, anJ a temperature-
to-frequencythermometer are based on preand postbreakdownoscillations in

, devices with certain doping characteristics. Because oT the possibility of
charge storage in the deep levels, an exciting possibilityhas been predicted
for very small, vertically integratablememory devices having an excellent
immunityto radiation.

The upper part of figure 10 shows a cross section of a double-injection, _
deeo-impuritydevice. The bulk material is gold-doped silicon compensated by
a shallow donor such as phosphorus. The energy level diagram is shown in the
lower part of figure 10 as a reminder. The gold acceptor level at 0.54 eV is
the level activated and predominates in the device behavior.

Also shown in the upper part of the figure are the anode and cathode
formed by diffusing p+ and n+ regions into the bulk material. These
regions provide efficient ohmic contacts and the appropriate band bending at
the surface to promote high Thus this

is called a double-injectiondevice. If only an n+ region were produced, i
the device would be a single-injectiondevice with characteristicsfollowing

_ Murray Lampert's traps-filled-limitbehavior as shown in the next figure, i

The upper part of figure 11 shows a double-injection,gold-doped, n-type 1
L _ silicon diode with two gates added. We refer to them as MOS (metal oxide

_;_ semiconductor)voltage gates. Applying a positive voltage to the cathode gate
._" I (or n_gative to the anode gate) decreases the threshold voltage from VTH _ -

i to VTH, or it may turn the diode off from a conducting state. We have
_i i demonstrated that the cathode gate is more effective in controllingthe

_: ) switching behavior. Therefore, in practice, both gates have been replaced by

i one gate located near the center of the channel but closer to the cathode. As

_ I the gate v°ltage is Increasedp°sitively" VTH decreases and viceversa" The i
i holding voltage is not much affected by the gate voltages. "
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Figure 12 show_ two oscilloscope traces of the switching characteristics
of the injection-gateddevice. Both photographs show current on a scale of 10
mA per division versus voltage at 20 V per division. Figure 12(a) shows a
threshold voltage of about i55 V and a holding voltage of 16 to 20 V depending
on the current level; the gat_ voltage is zero. The remarkable result of an
injectiongate is shown in the superpositionof several traces in figure
12(b). As the gate-to-cathodevoltage VGC is made more negative in incre-
ments of -4 V, the holding voltage decreases. In fact, with VGC = -16 V,
the holding voltage is at or near zero. This presents the very exciting
possibilityof a device with zero forward voltage drop leading to a very energy-
efficient switch. Obviously there is some power loss in the gate, but experi-
mental data have shown these losses to be less than 10 percent of the primary

Y conduction losses. Additional efforts in processing of the bulk silicon have
reduced VH by a factor of 4 or 5.

Now keeping in mind the basic physics of the deep-impuritydevice and its
switching capabilitieswith the ability to vary both the threshold and holding
voltages,we want to look at the voltage limitations in silicon. Figure 13
shows threshold voltage as a function of length in or across a slab of sili-
con. The breakdown limit is shown as a linear function of length in bulk
silicon. The calculated curve for p-n junction devices is quite conserva-
tive in that it calculates the breakdown limit across the depletion region by
assuming one side of the junction to be very lightly doped. This gives ant

upper limit in the region of about 10 000 V. Deep-impuritydevices also have
a square-law breakdown threshold but a sm_ller coefficient. The calculated r_-
curve for the deep-impuritymaterial lies to the right of the p-n junction
curve and shows a factor of 10 or more higher breakdown limit. If surface
effects and material defects are neglected, there appears to be a very real
possibility of devices with threshold voltages from 10 to 100 kV. Recent
experimentaldata confirm the curve up to 800 V.

i Another area of work that Lewis is supporting is solid-state remote power
i controllers. Figure 14 shows a hermetically sealed, fully operational remote

power controller (RPC) along with the header assembly and enclosure of the RPC
. ' ready for final assembly and herme+ic sealing. The hybrid version used semi- .

conductor chips, individualpiece parts, optical isolation, and thick-film
manufacturingtechniques. On the left is the header assembly substrate that
contains the power transistor drive circuit, current-limitingresistor, and

: side rails for support and electrical contact to the upper control substrate
shown just to the right. On the right side is the enclosure soldered to the
substratesfor hermetic sealing. The RPC is about 4.5 cm on a side and weighs
3.5 oz.

Figure 15 shows the 30-A version of the 120-V dc solid-state RPC de-
veloped for N_SALewis by Westinghouse Aerospace Division. This version in-
corporates l_t trip characteristicsrather than current limiting. This
version has a slngle-layersubstrate (6 cm by 7 cm) and weighs about 7 oz.

Figure 16 lists several advantages of solid-state remote power con-
trollers developed by NASA Lewis. With the new high-power transistors now
availablewe have extended the power range to 25 to 50 kW and the voltage to

ii I000 V. The technology has been developed and is not dependent on a par-
ticular component. Actually, IO00-V, 25-A solid-statepower controllers have
been demonstrated using thyristors, transistors, and an array of FET's.
Gate-turnoffthyristors (GTO's) could also be used.
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TABLEI. - TRANSISTORDESIGNTRADE-OFFS

504 504E 604E1704E

Ic, A 200 133 150

_E 200 at 2 V I00 at 2 V I00 at 2.5 VCE 200 V at 200 A 350 V at 133 A 400 V at 150 A

_(_Ez 500 V at 1 A 50C V at 1 A 550 V at 1 Ae, cm2 2.41 2.41 3.04

TABLE II. - CHARACTERISTICSOF POWER DARLINGTON

TRANSISTORAND FLYBACKDIODE

(a) Power Oarllngtontransistor

Continouscurrentrating,A ................ 150

Turnoffstateof the art, V:

VCE at Ic . 150 A, *IBI . 1.5A, VBEl(off). -5 V, V . . . 400 '_

VCE at Ic . I A, *IBI m 1.5 A, VBEl(off).-5 V, V .... 550 r_

HFE at Ic . 150 Ao VCE . 2.5 V, Tj . I00" C ........ 100

VcE(sat) at Ic . 150 A, IBI- 1.5 A, Tj . 100" C, V .... 2.5

ts (inductive)at Ic . 150 A, *_! - 1.5 A, usec ....... 4

tf (inductive)at Ic . 150 A, _I " 1.5 A, usec .... . . . 2
Maxi_chopplng frequency,Hz .............. 3000

ROSA, "ClW ........................ 0.15 "

TA, ma,, "C ........................ 50

Numberof transistorsin parallelin po_rmodule ...... 3

(b) F1)_oackdiode

Average current rating, A ................. 150 '

_'i Revrrse blocktng volta_, repetitive, V .......... 550

, i VFMat IFM ,, 400 A, T,v" 125" C, V ............. 2.0

:" !_ t a - IF - 4OOA, d!ldt . 200 A/wsec, Tj . 125" C, nsec . . . 500 |

;,I tb . IF . 400 A, dildt . 200 Al,sec, Tj . 125" C, nse¢ . . .

F "cIw........................o.15 ,i

•TA, c........................ (,i

Plumberof die(let tn power module ............... I i
|

?
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?2 73 74 75 76 77 78 79 8n 8] 82 83 _ 8.5 86 87 ,_ _,';

CONDUCTION I HEATPIPE 3_/'_PIE _
COOLED -- WOUNDo_"_AG'_ICS COOLED | kglkW O5 kg/kW ] I_fkW

1000V _ "
• _ THYRISIORS GAFf _7

200A 600V 0DOV 1000Vl000_ 10W DIA'/.O:,_

,_., Tw/: _= TransIstOrs D60TV DTSTX'-" _ _ ;,L_

,._ 50A iOOA 50A ]OOA DIAL',O',JD-zOq_
DIODES _7- -1000V--_ _' }

_0A -- 150A ]

tkw _712ov]6ww _76oovZSkw! ._
'i RPC X7 )OOV i

DIELECTRICS/
CAPACITORS _ 500V lO(_V- ].OMFD ].25A _ _ _DIA_.OND !

i, O IJIq IMFD )

TRANSMISSION |_ i(W

l_ m .... ,_

I kW lOkW lO0 WW 10(_ kW

Ffgure 1. - Power electronics development _t Lew|_ .Eesearch Center,
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Figure Z. - Hlgh-power switching transistor DOOT. _
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Figure 4. - Fast-recovery, high-voltage power diode.
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OF POOR QUALITY
Buildmg Block Trans}stm s

F-EVOLL

These.are the pow'.r trans,stors whole Features _,: , : -.- $_';,_;_'_
performance have azlracted so much mH=ghvoltage, large capacity (VcEo(sus)' _...... o_ ':L %T,_-__,-
attention both m Japan and elsewhere, 450 volts, Ic cont. 100 Amps) ._'_, -. . , , • :_

These have been manufactured using the •The scattermg effect is reduced to a _J_ _'_" l "_o_=11_
planar process techniques soecially minimum as a result of employ=ng the

_._. _mproved by FUJI and can be planar process of manufacture.
recommended with confidence • Uniform characteristl_ allows umts to

Only one element is suffic.ent to carry operate in parallel and to be applied to

such a heavy current as 100A (Vcl_o motors drawing 60kW. (The FUJI ', . f" ,,. '._,.. •
(sus) 450V) and they are suitable for tran.',_storinverter lerie*. FRENICSOOOG

mverters for the speed control of AC or have already incorporated thts element
DC motors up to the 10kW classand for =n the series up to 22kW). Scr_-_,*M5 [_ase

- constant voltage power s-pply equipment• •In eddltion to the single (2SC2770) and (for coHPctor)

BBTs have uniform characteristics and Darlinbton (2S01066) a compound _ Em,tter ,_I_1"
can be connected in parallel to prowde type (ET1O2) with a built-• fast _ _ Power

-_ capacwtlesup to 60kW. recovery diode is also •variable. _ trans=stor

._usbar _SC2770)

• The molded package protects the umt (cu)

from hum_d=ty and heat.
• Easdy connected to heat unks. (Cooling

" I ',errn,nalAl_lications •Screw te. mlnals for the emitter and bate
_/'_ !hole

-, • Industrial invert_.rs grouped conveniently together to _ "__ J
• Power supply equLoment simplify connection. t

• Compactly desagned

• Specifications I / 'Coohngfin :

Type i VcllO ½'c,P _,CE l¢ PC hFE ] Swlt¢hlnliltime - _ _(SUS) I rain Ic Vc_ I ton tl tf

2S(310_6 _.vOItl vol,_ emll>s wltt,____ _=_n_. vOltl_S _1 #s _ Mountmgscrew600 600 450 1(_3 770 I 100 100 5 | 4 12 4 Examldeforpormllelconr_estor' Note °When the he_tsink is isolatedfrom the
2SC2770 [ 600 600 450 100 770 i 8 60 5 I 4 8 3 basleusethe collecto, termma}

= ' _ Fall recoverycJ_ode /

._. [ o__C_on___o___C l c-- BBT ___ I I.'_'_.'_lh,_l_'.[i..I ]r'-coetme

t'''
Chlp

,___ ,
• ) Iolle Ioh3_llfiI_l plllte

o II_T IneetmdImellmueslondlllrem

Fuji Electric CoJ.tcL --
_ New Yu-akucho Bldg.,

: 12-1 Yurakucho 1-chomp.,Chlyuda ku,
,% . _, Tokyo, 100Japan

t

" Phone. Tokyo 211-7111. . ! Telex J22331 FUJIELEC
_"_'_ _ Cable Address. DENKIFUJI TOKYO

,_., ; Figure 5. - Data shee+ showingrevolutt0nar_ newpower transistors, i
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I MJIO050
l)esigner:s Data Sheet

.... 50 AMPERE

NPN SILICON

50 KVA SWITCHMODE TRANSISTOR POWER DARLINGTON

- 50 Ampere Operating Current TRANSISTOR• 850 VOLTS

500 WATTS
The MJIO050 Darhngton transistor =s designed for industrial

serwce under practical operating Pnvtronments found _n switching

high Dower inductive loads off alSO-Volt lines

1 _lhlm." - ..... , Designer's Data for

- i _' "_ "'Worst-Cese" Conditions #

. _ .1_ _ The Des,gner's Data Sheet perm,tsthe d¢s_gn of most circuits entirely from
the Information presented Limit data -

_- ', representang device characteristics
boundaries--are given to facdltate

•._ "worst-case' design

' U ,-
J

,"",mmmi|
"I _ -W

r

"t _: -! !k_. _ NI

Actual S,ze (' J i i

_ ( ,-' t

1
J" "Emitter-Collector Diode is a h_ghpower diode ' S

F_gure 6. - Data sheet showing Darl}ngton rower transistor.
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POIERLIIRIC"=MODULE ,.

PPM series
ELECTRICALSPECIFICATIONS

J _ IIIIIH_ kd_lm_l_ Imlo atD P_bnmL_., IlIRbkSAT kMAX (sinRim 1),,_1 t,
PPM30015A 300A 175A 150A 4A 150V 10KHZ l usj 5us 1us 1us 2us 1uS
PPM40015A 400A 250A 200A 4A 150V 10KHz 1us 5uS 1us 1us 2uS 1us
PPM60015A 600A 375A 300A 4A 150V 10KHz 1us 5us 1us 1us 2uS 1us
PPM12040A 120A 75A 60A 4A 400V 10KHz 1us 10uS 2us 1us 4us 2us

PPM20040A 200A 125A 100A 4A 400V 10KHz l usl 10uS 2uS 1us 4us 2uS
PPM30040A 300A 185A 150A 4A 400V 10KHz 1us 10uS 2us 1us 4us 2us
PPM4090A 40A 30A 20A 4A 900V 10KHz 1us 20us 4us : 1us 8uS 4us

_PPM6OgOA CoOA 45A 30A 4A 900V 10KHz 1us 20uS 4uS l,,_s 8us 4us
PPMSOg0A 80A 60A 40A 4A 900V 10KHz 1us 20uS 4us l us 8uS 4us

NOTE 1 : Ic MAX me_.,;ured at VCE--[VCEO(SUS)].
Is with Base Drive is [le--I.1--1_2--1e MAX]
at VEe--5V for duration (t--10 us single pulse)

NOTE 2: lc CONTis defined as the continued current obtained
at Vc_--10v when Maximum Base Current
I_:-IB MAX is applied at the Base.

NOTE 3: Saturation Current ICSATis obtained when ,
Is--IB MAX and Vc_-2.5V. Duty cycle-2% (@300 us pulse width)
measuled by using a KELVIN Bridge. ,L_F

R_c: Non-isolated copper base plate,

MECHANICAL SPECIRCATIONS (Dimensions in inches) 0.12°C/W. Isolated black anodized
aluminum base plate. 0,30°C/W.BASE_ , EMITTER

.... HIGH POT: 1500 Volts minimum between

___. _ , collectors and heat-sink mounting ofisolated case (black anodized alum, case).

_- 2'%. ....... _ - MOUNTINGHOuES

I,L ,F,,
II------ 2...... --_

11UlIISlSltOR
800 W. CARSONST.,TORRANCE,CA 90502 _ (213) 320-1190 _

_© 1977,PoweTTmn_lto¢_

Ftgure 7. - Data sheet sho_tng e|ectrtca| specifications of power trans|stors,
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Ftgure 8. - ThermalAssociates'"PrJme-Pak."
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Figure9. oFET-gatedbipolarpowertransistors(FGT). _ .
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FigurelO. - Crosssectionandenergyleveldiagramof double-injection ,
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r CathoderAnode r--Aluminum
Silicon Cathode-, _gate Ikgate.,-Anode//electrodes

• ,,I--_ ? 9 _ ,'dloxide-_ " _ ' ; /

AnodeAnode

gate°-'l _Ocathode
Cathode gate

Proposeddevicesymbol
Gold-doped,n-typesiliconsubstrate

11=

U

$

reglm_

Ohm's 's law "

, _ 1 I I I s
_- VM V0 VyH VTH VI[H

Log_thode-to-_e _lta_

Figure11.- Volt-amperecharacteristicshowingvoltagegating.
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Silicon breakdownhmit '_"

>o 103 _-- p-n junction devices

Deep-impuritydevices

i02 -

0 Metal oxidesemiconductor

lO t--- gated,deep-impuritydevice(experimentaldata)

11J_ __1 [ 1 i
-4 I0-3 lO-2 In"I I In 7

i Length,cm
Fiqure 13. - Voltagehmitations in silicon.
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• . ¢

• ¢Figure 14. - 120-V, 5-A solid-state remote power controller.

Ftgure 15. - 120-V, 30-Asolid-store remotepowercontroller.
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HYBRIDRPCsIN
MANUFACTURE

dlldt LIMITING WIDEOPERATING
._ WITHOUTBULKY_ VOLTAGERANGE

INDUCTORS .-._.__ 25TO ]32 VDC and

_ 80 TO 300 VOC

EFFtCIENCIES. _

_.5 TO99.0'/,'-'_ EMIELI_ L"!__DPROBLEMS _'_
1_ POWEROlcSIPATIC_ _"_

PROPOKTIONALTO f
LOADCUPgF_T f

t_,. TEC_;NOLOGYREADINESS
__, AT HIGHVOLTAGEDC

i • COMPATIBLEWITH SOURCES,LOADS,COMPUERCONTROL "_
r • UNIVERSALDESIGNAPPLICABLETOANYVOLTAGELEVEL

• SEVERALAREASOFPOTENTIALAPPUCATION
• CONTROL]]5 VAC POWERWITH SLIGHTMODIFICATION c..--,_,,..

!| (230vAc,ALSOl .
t t

| Figure 16. - Advantages of solid-state remote power controller, ,.i
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LIGHTWEIGHT, HIGH-FREQUENCYTRANSFORMERS

Gene E. Schwarze

National Aeronautics and Space Administration
Lewis Research Center i
Cleveland,Ohio 44135

t

The weight of a power electronic transformer can be reduced in three
ways. One way is to increase frequency. As frequency is increased,the
cross-sectionalarea of the core ca.:decrease. The kilovolt-amperagerating
of a transformer is proportionalto frequency, flux density, and current den-
sity. The second way is to use high current density in the windings. When
the kilovolt-amperagera_ing is held constant, increasing the frequency has to
decrease the cross-sectionalarea. Also, increasingcurrent density must de-
crease the cross-sectionalarea of a conductor for a given current. This
causes a decrease in the winOow area and reduces the size and weight of the
transformer.

The third and perhaps the major way is thermal management or thermal con-
trol. Maximum use must be made of good heat transfer techniques. Of course,
in the space environment,conduction is the method of thermal management.
Another, but minor, method is radiation. You attempt to build as many thermal
paths as possible in your device and also to use high-thermal-conductivity
materials. That is not just restricted to the insulation systems but applies
even to such things as the core material. To dissipate the heat from the core
losses,you must also use a high-thermal-conductivltymaterial.

Figure 1 compares space and commercial transformers. The 25-kVA space r(_-
transformerwas developed under contract by Thermal Technology Laboratory,
Buffalo, N. Y.

The NASA Lewis transformer technology program attempted to develop the
baseline technology. We chose to start at the 25-kVA level. Future projec-
tions are for megawatt transformers. For the 25-kVA transformer the input
voltage was chosen as 200 V, the output voltage as 1500 V, the input voltage
waveform as square wave, the duty cycle as continuous, the frequency range _:
(w!thlncertain constraints) as I0 to 40 kHz, the operating temperatures as
85- and 130" C, the baseplate temperature as 50- C, the equivalent leakage
inductanceas less than 10 uH, the operating environment as space, and the
life expectancy as 10 years. Such a transformer can also be used for air-
craft, ship, and terrestrial applications.

Figure 2 shows the mechanical structure of the 25-kVA transformer.
Basically the mechanical structure consists of three parts: the plates, the
clamps, and the baseplate. The plates provide the conduction cooling for the
windings. There are eight plates; each plate is approxlmatelylllOth inch
thick. The plates are slit from the top of the core tube to the top of the !

• , plate to prevent the plate from acting as a shorted turn. The plates the
conduct the heat dotm to the baseplate. Each plate has a foot that is mechan-

• Ically fastened to the baseplate. We use a double "C" core arrangement. The
'- material used in this particular application was 80Ni-2OFe, known as Super-

malloy. The clamps and supports mechanically are fast_ned to the basel)late.
For good thermal transfer the underside of the core is ground smooth to g4ve
good contact.

_ Figure 3 shows the finished product. Kapton sheets are bonde_ to the
cooling plates, and then the windings are bonded to the Kapton. The windings
are pie or pancake type with the primary wtndtny on one side of a plate and
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the secondary winding on the other side. The primary windings are connected
in parallel by the two large bus bars on the top of the transformer. The pri-
mary current is fed from both ends of the bus bars. The secondary windings
are connected in series, and the output terminals are shown on the right side
of the transformerextending at a 45- angle.

The primary an_ secondary resistances were measured by a four-terminal
Kelvin bridge, and the temperaturecorrection was applied. The primary had a
resistance of 4.7 mo. The equivalent leakage inductancewas measured with
an impedancebridge. Since we wanted to reflect the leakage inductanceto the
hrimary, the secondarywas short circuited. As a result the inductancewas
less then 2 uH. The goal was an inductanceof less than 10 uH._

The two components of loss are the primary and secondary IZR loss and
the core loss (table I). The primary loss is 74 W, or approximately36 per-

cent of the total loss. The secondar_ loss is somewhat lower, 62 W, or about
32 percent of the total. The total I_R loss is 36 W, or 69 pgrcent of the
total. The co,e loss is 60 W, or about 31 percent of the total. There is
almost an equal division of loss between the primary, secondary,and core
losses. Total loss is 196 W. Calculatinothe transformer efficiency from the
total loss results in a value of 99.2 _rcent.

The weight breakdown (table !!) shows the lightweightfeatures of the
transformer. The magnetic core weighs 1.53 Ib, or 22 pe cent of the total
weight. The coils and bus bar assembly are 1.92 lb, _- 28 percent. The
structuralcon_onents,which include the mounting plates, the core supports
and brackets, and the baseplate, weigh 2.5 lb, or 36 percent of the total.
The insulatorsweigh 0.47 Ib, or 6.8 percent. The fasteners weigh 0.53 Ib, or
7.6 percent. The magnetic core an_ the coils and bus bar assembly weights,
the active part of the transformer,add up to 50 percent. The structural com- f_:
ponents, insulator,and fastener weights also add up to 50 percent. However,

- in parametric studies, many times the last three weights are ignored.
Total weight is 6.95 lb. Specific weight is 0.28 Ib/kVA. Specific power

is 3.6 kVAllb.

The lightweight,high-frequencytransformerwas a space-programdevelop- .
ment but can be used for _ircraft, shipboard_ and terrestrialapplications In
lightweight,high-frequencydc converters or high-frequencyac distribution
sysLe_. The technologydeveloped in this program certainly should be trans-
ferableto other power-magneticcomponents.
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TABLe I. - 25-kVA TRANSFORMERLOSS ANt) EFF]C|ENCY

CESCRI PTION LOS5 (WJ_._

PRI. WDGI2R 7k 37.8Z

SEC. uric. 12R 62 31.5Z

TOT,IJ-1"2-R I 3E Eg._Z

COPE 50 _0.6%

0 TOTALTRANSFOR/qERLOSS - I95 WATTS

0 TRANSFORI'E'REFFICIENCY: 95.2%

TAnLE I[. - 25-kVA TRANSFORMERi_[GHT BREAKDOMN

OggJL[gIl_ _J_L[ eLlS) z TOT__T r

P4t,_ET1C CORE 1.53 22.0Z

COILS & BUS _ ASSY 1.92 27.53

STRUCTURALCOr,POtlENTS 2.50 36.011

I NSUI.ATORS O.117 G. I_

Iq[CHANICAL FASTEICERS 0.53 7.&|

0 TOTALVEldT - S.$S LDS

!
0 SPECIFIC tdEl_T- G.211LB/k'YA tO.Ill V._/WA)

0 S_CIFIC P(;_lt - 3.5 [VA/Lli (7.92 KVA/ICI)
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., FigureI. - Comparisonof spaceand commercial25-kVAsing]e-phase
transformers,
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Figure 2. - Mechanical structure of 25-kVA transformer.

Ii i
Figure 3. - 25-kVA transformer.
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HIGH-CURRENT, HIGH-FREQUENCYCAPACITORS ..

David D. Renz
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

The NASA Lewis high-current, high-frequencycapacitor development program
was conducted under a contract with Maxwell Laboratories, Inc., San Diego,
California. The program was started to develop power components for space
power systems. One of the components lacking was a high-power, high-frequency
capacitor. Some of the technology developed in this program may be directly
usable in an all-electricairplane.

The materials used in the capacitor included the following: the film is
polypropylene,the impregnant is monoisopropyl biphenyl, the conductive epoxy
is Emerson and Cuming Stycast 2850 KT, the foil is aluminum, the case is
stainless steel (304), and the electrode is a modified copper-ceramic.

POLYPROPYLENEFILM

The physical makeup of the various polymer films is vital to _he perfor-
n,anceof the films as a capacitor dielectric, and particularly so when the
longevityof the capacitor in service is so important.

Therefore the contractor was requested to analyze six films. The results fl_
are listed in table T. The film that rated the highest was polypropylene,

._ which is the one Lewis chnse. The scoring was arbitrary, but everything was
scored equally. For the parameters of interest - frequency, voltage, and di-
electric breakdown - it is evident that polypropylenefilm exhibits significant

i superiorityfor the application:
C

(i) Polypropylenefilms have lower density than the other films being ;_
considered, thus resulting in reduced capacitor weight and higher power

i density.
i (2) Polypropylenefilms wet better than the other films and absorb oil

to a greater degree, thus reducing the chance of damage from partial discharges

,_ during operation.
(3) Polypropylenepolymer has greater crystallinityand is inherently

more stable during service than the other films.

I (4) Polypropylene'sunique combination of temperaturecoefficient of
dielectric constant and dissipation factor result in natural self-stabilization
at a temperaturejust above that oF the plate.

(5) The film Quality of polypropylenehas been raised to a very high i
order by the film manufacturers because of the competitive situation in the
industryand because the capacitor industry is so important to the electric
power industry. None of the other films tested had the uniform Quality and

low level of contaminationof polypropylene. (
(6) The superior dissipation factor of polypropylenefilm permits sig-

nificantly greater power transfer without thermal runaway. This factor alone
is so dominant in the selection process as to relegate all other films to lower
status.
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IMPREGNANT

The impregnant monoisopropyl biphenyl (MIPB) has extreme resistance to
gamma radiation, low dielectric loss, and high corona resistance. It was ab-
sorbed w_ll by the polypropylene (wh c_- was one of the tests that all of the
films were subjected to), and it has good wetting characteristics. A good
point was that the source of MIPB is in this country whereas some of the other
impregnants are only available from foreign sources.

CAPACITIVE ELEMENTS

The design of the capacitor is shown in figure 1. There are two layers
of polypropylenefilm between a split rnll of aluminum foil and a floating
foil. In each element this puts two capacitors in series, that is, from one
connected foil to the floating foil in series with the other connected foil to
the floating foil. This construction technique reduces the potential across
the dielectric to half what it would be in a conventional capacitor. Using
this technique reduces the potential gradient across the dielectric film an_
thus enhances life. One basic flaw in this thin film is the pinholes. Using

. two sheets of dielectric protects a_ainst pinhole short circuits.
To reduce the interfoil voltage of each element tea value that would

: provide the highest degree of performance reliability but could still be ef-
i ficiently accommodatedby the thicknesses of available dielectric materials,

each capacitor element - or pad - is designed with two series-capacitcrsec-
tions. To decrease the voltage yet further, two elements are then connected

: in series, thus reducing the ac voltage to 150 V rms. At this point there ((7
should be no partial discharges at the full capacitor operating voltage of
600 V rms plus 600 V dc bias.

i The formidable rms current consistent with operating at maximum applied
voltage and maximum frequency is to be dealt with by paralleling two series-

'_ connected element assemblies. This divides the current and reduces the 125 A

to 62.5 A/pad, which can be handled by extended foil design of the elements.

,I CONDUCTOR-ELEMENTASSEMBLY

Although the type of capacitc- element assembly shown in figures 2 and 3
) obviously leaves something to be desired in space utilization, the inefficiency

is more apparent than real and the design gains more than it loses. The ele- .
ment assembly must be inherently very stable mechanically and must be extremely ,I

,| secure to withstand the vibration and shock associatedwith space vehicles.
This element assembly will pass a Class Ill vibration test and will be safe
from damage due to acceleration and shock. Electrical integrity will be main-
tained over the service life stipulated for this component.

J The assembly of four elements is secured to the capacitor base in a layer
of special epoxy resin that has the dual function of transferringheat from
the bottom exposed foils directly to the capacitor base and then to the lower
mounting bracket. The epoxy is Emerson and Cuming Stycast 2850KT, a material _
of exceptionalthermal conductivity, low -hrinkage,high-temperatureresist-|

w

ance, and low-temperaturecoefficient of expansion.

|
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TERMINATION

A moaified bushing design (fig. 4) was employed to bring a terminal (stud)
of sufficient size through the bushing to handle the highest rms current.

By this means resistive losses of the terminals were reduced to less than
4 W under maximum operating conditions. A low-profilebushing configuration
would be even better, but such an insulator was not availab!e. A layer of
epoxy similar to tKat used internallyto secure the elements was poured into
the reentrant cover, around the terminals, and over the seal-off plug after
the capacitor was fully impregnatedand seal tested. This material helps
transfer heat from the bushings to the mounting bracket and from the case to
the lower mounting bracket; it also provides a redundant oil seal around the
bushing flanges and over the seal-off plug.

The characteristicsof the capacitor Lewis has built and tested are shown
in figure 5. The capacitor operates at 600 V rms while biased at +600 V dc.
The size is 0.83 _F, and the frequency is 40 kHz. It tested at 40 and 10 kHz.
The design iJSS is less than 30 W. The temperature range is -40° C to +88° C
and the volt-ampere rating is 75 kVAR. The capacitor weighs 7.9 lb.

CAPACITOR CASE

Although not immediatelyapparent from figure 5, this capacitor is inher-
ently very rugged, and the hermetic seal will be maintained over the opera-

_ tional life. The case material, 20-g 304L stainless steel, was chosen for its

strength, stability, and weldability and to provide minimum eddy current losses '_
at the maximum operating frequency. Both cover and base are of "reentrant" _(_.
configuration,to assure minimum heat damage to the interior materials during
the welding operation after assembly. The only welding done after assembly of
the elements into the case was the weld around the periphery of the cover.

i The design loss in the four elements for the 75-kVAR unit is 15 W. Therewill be 2 W in the foil and 4 W going from the copper bus bars up to the ter-
minals. So the total design loss is 21 W, which is low when compared with the

i amount of power flowing through the capacitor, 600 V at 125 A.
CORONA TESTING

ii Another test that was donu was to take the split foil, build a parallel

pad, and perform corona testing. When the foil was dry (no impregnant),the
inception voltage was 1400 V and the extinction voltage was 1250 V. With the
impregnantthe inception voltage went up to 3200 V and the extinction 'Itage
to 2800 V. Maximum peak operating voltage would probably be 1200 V or .ess.
Therefore the capitator should not fail due to corona.

It is worthwhile to explain here the concern with the values of corona i
inception voltage (CIV) and corona extinction voltage (CEV) on the capacit,_r
windings (pads) to be installed in the capacitors being prepared for vacuum
endurance testing. It is generally accepted that electrical failure of a
capacitor operated on alternatingcurrent is preceded by increasing partial
electrical discharges (corona) in the capacitive elements. The locally
generated extremely high temperatures cause deteriorationof the insulating
materials, both solid and liquid; and the gaseous byproducts of this deteriora-
tion either remain in the area of high electrical stress or are dissolved in
the impregnant. In either event the result is progressive damage to the
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insulation,and the partial discharges increase to an avalanche condition,
resulting in electrical failure.

If the CIV value measured on a given capacitor is at least twice the nor-
mal operating voltage, it is considered safe to assume that capacitor failure,
when it inevitably comes, must result from progressive electrochemicalchanges
in the elements. Such a condition will normally occur beyond the design life
of the unit.

The CEV is the voltage at which partial discharges no longer occur, after
inceptionhas been brought about. The CEV is usually determined by increasing
the applied ac voltage until CIV is obtained and then lowering the applied
voltage until corona is no longer detectable. The significanceof CEV lies in
the fact that an ac capacitor is subjected to electrical transient stresses
that are beyond the normal working stresses. If these transients are severe
to the point that CIV is reached, no permanent harm will result if the CEV
value is above the voltage applied after the transientcondition is no longer
present. For this reason, it is necessary that the CEV measured on the capac-
itor be greater than the normal operating voltage. However, it will be obvious
that some safety factor must be present to allow for changes in capacitor
characteristicsover the operating life.

Model winding_ of the capacitor to be vacuum endurance tested have been
, prepared and the CIV and CEV measured at 60 Hz with no imp_egnant and after

vacuum drying and impregnationwith monisopropyl biphenyl.
The capacitorswere tested at the two sets of conditions shown in

table If. ConditionA was the full power test; however, it was performed in
air rather than vacuum because of induction heating in the vacuum tank.

¢

500-HOUR VACUUM ENDURANCE TEST

The baseplate contained 10 capacitors, 5 on each side, as shown in

i figure 6.
Examinationof the temperature rise values of the various areas of the

capacitors (fig. 7) indicated that the fuses being connected directly to the
stud of a capacitor bushing distorted the temperature conditions of the

: capacitor. The average temperature rise of the nearby thermocoupleswas
19.7 deg F; the average temperature rise of areas near unfused bushings was
8.3 deg F. Later calculationof the resistance of the 50-A fuses and deter-

, mination of the heat loss in the fuses explained the temperature rise of the
fused bushings. Needless to say, the 300-A fuses were located away from the
capacitors during the 40-kHz vacuum endurance test.

Thermocouples S and 10 (fig. 6) represent center-of-covertemperature i
values of two capacitors in completely different locations on the temperature

) plate. Even so, the temperature rise values are the same - a modest 16 deg F
I in what would normally be the highest temperaturepoint on a capacitor. Ther-
_i mocoup!e 6 is the only one uniquely located, and it is on the front of the

temperature plate. This is fortunate, since the rise of 26 deg F would other-

i( wlse have been difficult to explain. Although T6 is located in a normallylow-rise area of a capacitor, the temperature rise in this case is the greatest

o_ of all points. The reason is that T6 is located at the confluence of four ,
I heavy cables, an area of the plate where one could expect maximum temperature.

-'_ermocouples4 and 16 are identical points on capacitors on opposite
sides of the temperature plate and would be expected to exhibit low values of
temperaturerise if the epoxy temperature transfer material was properly trans-
ferring the local interior heat collected by the bottom extended foils to the
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bracket and then to the plate. There is a cable in proximity to T4, which may
account for the slightly higher value than shown for T16. T16 was located on ""
SIN 140355, near no cable, and should be expected to have the lowest tempera-
ture rise. p

Figure 8 shows how the capacitors were crowded into the vacuum tank.
Running this setup with 40 kHz caused ground loops in the tank. The tank (
heated up and two thermocouplecables completely melted. At 40 kHz and 600 V
there was a lot of inductionheating. Although we tried to modify the vacuum
tank, finally the test had to be run in air.

The developmentprogram is completed. Capacitors have been tested under
load, but we have not had the final design review. The capacitor is sturdy
because it was overdesigned. It probably can be made 30 percent smaller.

TABLE I, - RESULTS OF FILM ANALYSES

I. Hy!ar 3. Kapcon 5. Polysullone

2. PolycarboneCe 4. Polypropylene 6. Teflon

_" Material

I_ 2__ 3__ _4 _ 6__
Dielectric Strength (HaJor) x 2 14 14 14 18 14 14

Dielectric Constant (Minor_ 5 4 5 3 4 3

D£ssipa=lon Factor * (Major) x 2 4 10 6 18 12 14 ,_
IneuletlonReslstamce(Minor) 7 9 I0 9 6 9

TampCocf{. of Die1. Conltant * (Minor) 1 B B 7 9 8 "qW.
- TempCoeff. of Dies. Fact-or * (HaJot) x 2 2 16 6 20 10 18

Freq. Coeff of Dies. Factor * (Major) x 2 4 16 8 20 10 18

Chemical Stability (Major) x 2 14 14 18 12 14 16

: Density * (Major) x 2 I0 14 10 18 14 6

ImpreKnant Absorption (Major) x 2 4 6 4 16 6 2

' CoronaRasl,tence (Major) x 2 16 14 18 16 16 6 •

Radiation I_sllcenc, (Mlnoc) 7 7 8 6 5 8 " _
Thin Film Availability (Major) x 2 18 14 8 14 10 14 '

Specific Heat (Minor) 5 4 5 7 _. 3

CoSt *(Mlncr) 6 5 1 8 5 3

Total 117 155 129 190 139 142

• Raramtars m4rhed vlch esterlsk era negative coefficients; ia. • high numerical value '

yields a low ratin E.

TABLEII. TESTCONOITIONS- _.

Condition A Condition B i

Numberof test samples 10 10
/b "Temperature ( S C), C 25 25

Barometric pressure, torr Air 10-3
Applied voltage (*Z percent), V ms 600 600
Waveshape Sine wave Sine wave
Frequency (_1 kHz), kHz 40 10

ii dc bias (*2 percent). V dc 600 0

ms current (smmle, *S percent), A 125 30
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CGh_N-"CTED FOZL CONNECTED FOIL

• / /' /

-W-;W '--_ ' T--_i/I/I_-___.
Figure1. - Detailsof capacitorelement.

t

i \ "_i-d,If?_._A

Figure 2. - Capacitor element.
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TO BUSH I RO ---- I

, .,_E,-,__"- - -._ -L "^_, A_.H'.ilfm'_,i i

..dP,_- _':iI__ J

• INITIAL SOLDER SWAGING TO EXTENDED FOILS ACCOMPLISHED

WITrl J22 SOLDER

i 'IIt;hLD COPPER T,,BS SOFT SOLDERED TO eWACED PATTLR.q
WI'III 601,c,0 T-L SOLDER

Figure 3. - Capacitor element assembly.

4

CONVENTIONAL MODIFIED

+, t\\\'tl

i
% i

Figure 4, - Electrodesand insulator assemblies.
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CHAJ_ACCF.R I ST ICS

' 8.8 _ VO:TACE 600 V'HS + 600 V DC

J _,_ _ 3 *---_ | CAPACITAHC£ 0 B3 MTD */-X0'/.

DESIGN LOSS <30 WATTS

TE:_PZRATU!_ -40 C TO +85 Z

- __ :...... PATED KVAR , •

i. DIA _ _ THD _ 14 PLC\ I F |

r ............. I : -F....RT '
' _ 75

/ Ji,!, _--;--;--Z----o--_- _u---:-,_=__
.51.0 1.75 1.25 1 25 1.75 I 0 } .5

Figure S. - Characteristicsof 400-Hz capacitor.
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-! 8.028 ur TOTAL 600 V ac 10 kHz
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! Ftgur, 5. - Themocouple locations for SO0-hr vacuum endurance test.
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DC-LINK APPROAChTO CONSTANT-FREQUENCYAIRCRAFT POWER

Daniel S. Yorksie
We_+inghouse Electric Corporation

Lima, Ohio 45802

This paper discusses a hybrid high-power aircraft electrical system that
has very difficult and compiex operating requirements. Many issues raised in
selecting an approach for this application are similar to those that must
eventually be addressed for a large all-electric aircraft. The requirements
for this specific system are reviewed, a solution for those requirements is
proposed, and some explanation is provided for the choice. Because the system

; requires a substantial amount of 400-Hz power, a dc-link system was selected
to previde that power. The highlightsof the power system are

(1) Load requirementsof 13.2 kV dc, 400 Hz ac, and 28 V dc (pulsed)
(2) Four chahnels
(3) Outputs paralleled to feed total load

4. (4) Load requirements satisfied by three of four channels
(5) Single generator for each channel
(6) Power conditioning remotely located (i00 ft) from generator

The load profile (fig. I) shows that the large power requirements asso-
ciated with the 13-kV output are only required above 83-percent engine speed.
The 28-V pulsed output is a very small part of the overall system requirements .w
on a percentage basis. In going through the selection process and adopting
the priority of power level, we will cover the 13-kV requirements first, then

• cover the 400-Hz requirements,and then lightly touch on the 28-V dc supply
considerations. The simple system line diagram for the single-channelcon-
figuration is shown in figure 2. The power system contains four identical
channels. The loads are now sized for each particular output for the single
channel, i flgure 2 the approximatedistances between generator, power con-

- ditioningequipment, and loads are given because they are significant in the
overall system considerationsand affect which conversion schemes are selected.
The evaluationcriteria are electrical performance and risk, weight, effi-
ciency, volume, cost, and reliability. Obviously with any airborne system,

_ size and weight are very important selection criteria. However, in a new and

i complex system such as this, electricalperformance and risk must be an impor-
tant part of the selection process.

The preliminaryground rules for system evaluation are as follows:
(1) Six-phase generator (minimumfiltering requirements)
(2) High speed and high frequenc_

I_I Minimum generator weightMinimum filtering

l_I Maximumspeed,-25000 rpmMinimum frequency, -1200 Hz
(e) Acceptable transmission losses

(3) High transmission voltage

l_I Minimum transmission "assesGenerat)r corona considerations,- 250 V rms nominal maximum
(c) Minimum voltage at 53-percent speed, > 120 V rms

(4) Major impact of 13-kV, 2lO-kWoutput in determining overallsystemconfigurationand parameters159
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(5) 28-V dc output (4-percent system rating) addressed after 13-kV dc
and 400-Hz outputs satisfied

Obviously, in power conversion apparatus, maximizing the pulse number mini-
mizes the fi]tering requirements. This points in the direction of a six-phase
system rather than a three-phase syste_ for the generator. There is obviously
a range of practical frequencies boun_ed, say, on the lower end by minimum
frequencies required by ce_Lain power conversion schemes and limited at the
upper end by losses in high-power rectifiers, transformers, and other such
equipment. Minimum voltage requirements are imposed on the generator by vari-
uus power conversion schemes, and of course maximum voltages are imposed on
the syste_ from consideration of corona and other such parameters. Again,
power output terJds to influence strongly the design priorities. So with this
sort of groundwork layed, these ground rules allow us to establish the follow-
ing set of conversion uptions:

(i) Starting systPm parameters

I_! S_x-phase generator-feedersGenerator voltage L-N, 264 V rms at 100-percentspeed
(c) Generator frequency, 2500 Hz at 110-percent speed

(2) Ripple considerations

I_I Ripple requirementof 0.26 kV, 2 percentSix-pulse rectified voltage with 9.3-percentripple
(c) 12-pulse rectified voltage with 2.3-percent ripple

(3) Option I - single transformer with delta/wye secondaries ,(

- (4) Option 2 - two identicaltransformerswith six-phase supply _(_

. The power system will probably be a six-phase system with a generator
, voltage of about 260 V and a frequency of 1000 to 2000 Hz. The relationship

between pulse number and ripple voltage leads to the conclusion that only 12-
pulse conversionprocesses are real]y practical in meeting the 13-kV ripple
requirement. Going through all of this you come to two options for th_ 13-kV
system. Option i (fig. 3) is a single transformerwith delta/wye secondaries
to give a 12-pulse ripple in the output frequency and to minimize filtering.
Option 2 _f]g."4) is two identical transformers. This implies a six-phase
generator,where the phase displacementfor the 12-pulse requirementcomes
from the phase displacementbetween the two groups of three feeders in a six-
phase supply.

Comparingthe advantages and disadvantagesof these two approachesto
13-kV conversion shows that

(I) Option i (the single transforme_r)_11 be somewhat lighter in weight
and smaller in volume

(2) Option I has more complex insulationrequirementswith twin secon-
daries and higher voltage in delta-connectedwindings (5000 V rms vs. 2go_ V
ms for wye)

._ (3) Option 2 will require less filtering for the same level of ripple

_. :! and distortion
_' i (4) Option 2 requires twl,_three-phasebreakers i
_ _ (5) Option 2 provides improvedheat transfer

_! Considering_he complete conversion stage includingtransformer, rectifier,filter, and cooling system, option 2 (two transformerswith six-phase supply)
_' was chosen.

.:,
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In selecting control options the operating considerations of steady-state
voltage regulation (12 to 13.7 kV de), current limiting at 1.2 per unit load,
and load sharing under paralleling point toward maintaining constant trans-
former primary voltage. This would allow the natural droop of the paralleled
transformer-rectifier units to provide current sharing. Current limiting
would also be implemented on the primary (low) voltage side. This leaves
three options for voltage and current control:

(I) Voltage control (VC) and current limiting (CL) via generator excita-
tion control (fig. 5)

(2) Voltage control and current limiting via reverse parallel-connected
thyristors (fig. 6)

(3) Voltage control via field control and current limiting via thyristor
control (fig. 7)

The first option (fig. 5) will impose some constraints on the other power
conditioning subsystems, but as later analysis showed, this option does not
impose a severe burden on the desigrJ requirements for these systems. Overall
it has significiant system appeal. As for the second option (fig. 6) a trade-

_ off between the primary and secondary would Quickly show that it is preferable
to put the phase-controlledarrangementon the primary side rather than on the
high-voltageside. The unfortunate _spect of this approach is that the pri-
mary electronics now have to be rated for the full system throughput and there
is an additional filtering burden imposed on the secondary filter with this
type of arrangement. Obviously there is a compromise (option 3, fig. 7) where ,f

voltage control would be used during normal operating modes with field control
maintaining the phase-controlledrectifier in a full-on condition. This would _If

not impose a severe requirement on the filtering and, if the load could toler-
ate it, pha_e control could be used just for current limiting. Unfortunately,
the problem of the high rating required for the electronics portion of this
process still exists.

In the final analysis we recommend the most simple and straightforward
method - option I, usfng the process of field control for voltage control and

o current limiting. Our analysis indicates that this method of control is com-
patible with actual load requirements,does not unduly penalize the design of
the 400-Hz output, and provides a very efficient and highly reliable power
conditioning subsystem.

Selection of a 400o.Hzconversion option was based on the following
considerations:

(1) Kilovolt-amperagemanagement

l§I Neutral FormingFeeder and generator utilization
" _ (4) Interactionwith the 13-kV supply

[
_ The state of the art for the conversion of bulk, variable-frequencyac power

_._ to constant-frequencyac power (VSCF) by solid-state means offers two general i

i solutions: direct ac-to-ac conversion systems and ac-to-dc-to-acconversion
systems. System parameterschosen thus far (i.e., voltage and frequency) '
leave open the consiuerationof these two options:

i_II Option l-cycloconverter

Option 2 - dc-link inverter
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Figure 8 is a rough diagram of option I, cycloconverterpower staqe -
repeated three times for each of the three output phases. It gives an idea of
the complexity and brings out some signiFicdntpoints - especially that with
this scheme the ;leutralmust be brought out from the generator.

Option 2, the dc-link inverter (fig. 9), does have to have a neutral
forming transformerto provide the fourth _ire; however, it does not require
the fourth wire, or the neutral, to be b,-oughtout from the generator. The
scheme that we recommend for operating the inverter stage is a fixed pattern
controllingthe bridge switches - say the transistors - that would then deter-
mine output frequency and distortion factors. Vo]tage traditionally is con-
trolled by regulatingthe link voltage. In this case, because of the choices
alre.Jy maae on the 13-kV system, a preregulatorstage _s needed for the dc-
link system to compensatefor the generator voltage variation over the speed
range.

Table i summarizes some of the critical differences b_ween the two sys-
tems. Some of the importantpoints are the neutral currents, the filter cur-
rents in fault, the weight of the feeder cables, and the weight of the neutral
feeder as compared to the neutral forming transformer. The table implies
bias, consideringweight only, toward the dc-link option. In other words, the
power stages are about equivalent for this comparisonbetween the two
approaches, so a trade-off results between the neutra_ coming from the genera-
tor and the neutral former in the dc-link option. On a weight basis the dc-
link is favored. However, weight is not the only consideration. First, the
cycloconvertercirculates reactive power through the feeder system and the
generator. In contrast, the dc-link system constrains the reactive current {

- flow to the output stage of the inverter. That is significant. Second, under
unbalancedconditions, an undesirable800-Hz modulation effect is imposed on

._ the generator terminals. The modulation is reflected into the 13-kV supply.
Obviously the filter - for a 12-pulse output - is not designed for 800-Hz dis-
turbances. That imposes a severe penalty on the filtering in the 13-kV supply
and also creates a prob|em with the feeding of faults - where significantre-

, active power is circulated through 110 ft of feeder. There is also the other
,i constraintof maintainingminimum voltages on the generator output so that the
_ supply can meet its other output requirements,such as the 28-V dc system.

If all of these constraints are taken into consideration,for this par-
ticular application a dc-link system offers some significant advantages. The

input stage does have additionalcomplexity: it is not _ rectifier; it now
becomes a phase-controlledbridge; it requires some addi_ _l filtering on

i the link. However, on an overall system basis, consider :_eight,reli-
• ability, and efficiency the trade-off works in favor of _h_ dc-link system.

Now that we have made that determination,we can briefly review the kind of
control strategies that would be applicable (figs. 10 and 11). Some of these
have almost been discounted but are included for the sake of completeness.

The first option (fig. I0) is to use field control on the generator.
That is a viatle option and is obviously the simplest. The same statements
hold true here as for the 13-kV system. However, having chosen field control
for the 13-kV system implies a separate generator to feed the dc-link system.
In the ground rules establishedby the application requirements,there was a
specific requirementof a single generator and that meant a sing]e, physical
generator, not necessarilya single generator designed within that physical
envelope.

The second option for voltage control is the use of gate-controlled
thyristorsshown in figure 11. The input stage is in error. The input stage
really has to be a phase-controlledbridge. When considering interactions
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between the systems, the phase-controlled front end does provide a one-way
buffer between th_ 13-kV syslem and the _Ou-,,_ _=m. There as also the
question of transient response. The faster response time of option 2 and its
effect on transient response at the output of the 400-Hz system more than com-
pensates for the increased complexity. Option 2 also provides buffering of
the 400-Hz output due to sudden load changes in the 13-kV output. Although
there will be some interaction between the 13-kV and 400-Hz outputs, the con-
trolled rectifier will help to minimize these effects. Option 2 was selected
as the preferred approach for the overall system.

In the preceding discussion a selection of the generator configuration
has been implied. However, for the sake of completeness, I _;ill briefly cover
various generator feeder options. A consideration is that the generator and
feeder configurations are interrelated. _lso single physical generator
requirements constrain dedicated generators to a single shaft. System inter-
action is an important criterion when evaluating feeder configurations. And
generator rating and phase currents must be established to size feeders. The
following options will be consiaered:

(i) Separate electromagnetic desig_ with dedicated feeders
I2) Single generator with dedicated feeders
(3) Single generator with common feeders

Figure 12 is the result of a rating analysis derived from figure I.
-_ Basically it shows that from 0 to 83-percent speed the high-power output is

not on. If you control the output in a linear fashion, constant voltage over

frequency, the requirements on the electromagnetic devices, like the 13-kV _-
,; transformers, will be maintained. Sufficient voltage will be produced to

power the 400-Hz output. The design rating point after further calculations
+_ for the §cnera_nrturns out to be the 83-percent speed point. Considering
: different feeder configurationsand load requirementsresults in the set of

•_ currents shown at the bottom of the figure.
One of the approaches (option I, fig. 13) is to have two isolated elec-

: tromagnetic generatorson a common shaft This is a very simple scheme for
voltage regulation. A highly desirable aspect of option 1, from the stand-
point of the power conversion equipment, is that it provides the maximum inde-

.L pendence and isolation between the 13-kV and 400-Hz outputs. Of course this
'_ would be compatible with a simple scheme of field control for both outputs.
,_ Another approach (option 2, fig. 14) is a single generator,which obvi-
+_ ously wi.l be less complex and lighter in weight, with dedicated feeders. The ,

i figure shows currents and nominal voltages. The distance to the feeders is

normally 100 ft. The feeders are all the same size, are tightly bundled, and

i are a fairly sizable weight consideration in the overall system tradeoff.
The last approach (option 3, fig. 15) would be to run a single set of

| feeders down to the branch point and then branch off to the two different
power conditioning subsystems. This, obviously, is the lightest weight
approach.

Table II shows an approximatecalculation which reveals that feeder
weight, approximately43 Ib, is more important than the kilovolt-amperageof
the generator. However, weight alone cannot be used to make the choice. The
other aspects that need to be considered between these three options are as

follows

!!) Option 1 offers maximum +solation of the 13-kV and 400-Hz outputs

and a simple, reliable method of voltage control. _

I ° !
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(2) Option 1 generator has a reactive power penalty and a weight
penalty, added mechanical complexity, and a possible 43-Ib feeder penalty.

(3) Options 2 and 3 offer a lighter, simpler generator.
(4) The 43-Ib weight saving of option 2 over option 3 is obtained at the

penalty of isolationbetween the two outputs.
(5) Option 2 represents a compromise solution between options i and 3 in

that the 13-kV and 400-Hz units can interact only through the generator'ssub-
transient inductancebut not through feeder inductance.

Making a choice is a trade-off among complexity, reliability,weight, and iso-
lation or interdependencebetween the two supplies: the 400 Hz and the 13
kV. Choosing a single feeder to the branch point results in interactionsbe-
tween the 13-kV and 400-Hz subsystems,which occur not only through the gener-
ator subtransientreactance, but also, through the reactance of the feeder
cables. And that can be Quite significant. The choice then is between an
interactioncriterion and a weight criterion. At this point, we recommend
option 2, probably because of a risk consideration° We would start by limit-
ing the interactionto just the generator subtransientreactance, using the
feeder cables as a buffer between the two supplies. Hardware tests may be
needed to finally determine which is the better trade-off - the 43 lb or the
final weight of the control circuits - to get these two supplies to operate

w reliably off the same generator. So tentativelywe would select option 2 and
carry the 43 lb as a potential weight saving after further analysis and tests.

In conclusion,the 28-V dc system, even though it is a pulse system,
representsonly about 4 percent of the total system, or channel, rating.
There are two obvious design approaches: to design the power stage configura-
tion for peak power throughput or to design a system that provides for energy

storage. Cost and weight considerationscome into play here and tend to bias f(_
toward an energy storage approach. The average power on the supply system is
only of the order of 600 W because of the very low duty cycle in the output of
the 28-V dc system. Also it might be determined that the three-phase supply
is satisfactoryand t_at a six-phase supply is not needed for this power level.

, Westinghousefinally selected an energy storage approach fed by a very
; simple current source power-conditioningsubsystem (fig. 16). The control

options for this type of system with a large capacitor and three or four

parallel systems is not as simple as it might seem at first. How natural un-
balances i_lcapacitor values and leakage currents are accounted for is fairly
significantconsiderationbut beyond the scope of this discussion. Figure 17

i shows the final system configuration. The design approach discussed in this
paper should be applicable to a variety of aircraft including a large trans-
port with all-electricsecondary power.

i

i
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OF POOR QUALfTY

TABLEI. - 400-HzCONVERSIONOPTIONS

Option 1 Op_on 2

Cycloconverter DC-Unk Inverter t
LoadCondition Steady State Sh. CkL SteadyStete Sh. Ckt.

LoadKVA 120 NA 120 NA

LoadPowerFactor 1 NA 1 NA

:LoadCurrent,Amp 348 NA 348 NA

FilterCurrent,Amp 174 -0 162 -0

ConverterOutput,Amp 389 1,044 384 1.044

DC-LinkCurrent,Amp NA NA 456 "'-0

InputPhaseCurrent Amp 220 591 186 ~0
NeutralCurrentat 1/3 Load
Imbalance,Amp 116 116

110 Ft. FeederWt., Lb. at .2_
Lb./A/Phase/100 Ft. 392 331

_110Ft. NeutralFeederWt., Lb. 35 NA

Neutral FormingTransformer,
Wt., Lb. NA 18

:- Total Feeder+ NeutralForming

Wt., kb. 427 349 _,

For purposesof this comparison,the weight cf the two convertersis assumedto be
comparable.In additionto the abovetabulatednet feederweight penaltyof 78
Ibs./channel,there is a further weight penaltyto the cycloconve_lergenerator.

• TABLEIf. - GENERATOR-FEEDEROPTIONS

Option 1 2 3

IApproximate Feeder We'ght, Lb." 367 367 324

?
: _ Approximate Generator KVA

, [Extrapolated to 100% Speed) 588 574 574

_ii."_ "Copper Wire (Aluminum wire wel lht is -50% less)
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Notes: 1) 28 VDC and 13 KVDC operate only shove 83% speed
2) 400 H_. channel rating Im80 KVA at 63% speed. 120 KVA It 60% speed

and _ve

Figure 1. - Utt_,_ation equip_nt - total load profile. '_

___ 13.2KV DC
HV PCU 270 KW

, @ [ ,400 HZ 115/200VAC

I00' I0' PCU I_lo, 120KVA (0.75-0.95)
TYPICAL TYPICAL

+

"-_ F-_ 28 VDC
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1.0 SEC/31.O SEC

Figure 2. - Single-channel conftgu,'at|on.
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Figure 4, - 13-kV conversion opt.tons - option 2, two tdentlcai transformers
and six-phase supply.
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OF POOR QUALITY

V

I )i

This is the simplestmethodof control requirlnono extra elecVonic:,
Requiresgeneratorof |uffldent voltmgerange to supplyother system
elementsor constrainstheir design.

Figure5. - 13-kVcontroloptions- optionl, voltagecontroland current
limitingth_'oughgeneratorexcitationcontrol.

ProvidesmaximumIndependenceof elementsfed from = common
gonerltor at the expenseof eddition=lpoweroleotrontesrated for totol
throughput RequiresIKIditionalfilteringenddamtptng.

Figure6. - 13-kVcontroloptions- option2, volt=gecontroland current
limitingthroughthyrlstorcontrol.

I

Conwomies_ wh_ mln_ins _nerm,mmltmeereesonmlW
led mmidl _ amtkmamlxlgtunder overlm_L|till requlram

eamtio_l_w_ de=mni_ Hamulvmnmlew_ O_km3 onlyif hbhw
dppleunder_N,tNd le mmqDud_.

Figure 7. - 13-kV control options - option 3. voltage c_ontroI through field
centre) end current limiting through thyrtstor control.
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Output vol(age quality and afeady state end transient regulating accuracy
_,_ depend to o large extent on _.heperformance of s complex control circuit

detecting critical timing of 38 lhyriltors and selection of fix thyri$_or barlkll.
Cycloconvener has a fixed ratio of n,et convertor output currant and input
phase currant (feedere end generator) of 0.566 and requires L generator
nL_utralfeeder cable ra:ad for 33-I/3% nominal output current.

Figure 8. - 400-Hz conversion options - option 1, cyc]oconverter. ,_'

V0

' ----O

. vo T "F
: I

; ; Uling • fixed PWM digitally derived wlveform plnem, the _teaKlystate ,_
; end vonslent Iccurlcy of the output voltlgel depend on the lCCUrlcy end

•, ; speed of the link voltlge oontrol. A DC Link tystem hamo ratio of 1.31 i_, (rOll component of net Inverter culpul current end D: Link current) lind
. i 0.# I (DC.Unk currant lnd Input phue current) end requlrlm I nil.lUll I_

forming transformer. !
Figure 9, - 400-Hzconversionoptions- option Z, dc ]ink,
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Thisis lhe simplestmethodof controlbut requires• dedlceledgoneretor
or • ¢hinge In the 13 KVoutputdesignIpl)roech(i.e. thyrllt_ conlrol_It
air fixesthe genersto_voltageat lpproxlmstily 130 VRMS Csusir_•
felKlerwelghlandlosspenlIty.

Figure 10, - 400-Hz control options - option 1 voltage control through fieldcontrol.
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Figure 12. - Generator -atlng analysis.

240V 2x AN-2

200A _-_

120V 2 = AN-2

182A

j{

Thll option _rovldo| for the maximum IIo:_ltlon between the 13 KV lind
400 HL outputl, However, it does fequire I more ¢ompl-x and huvier
generetor,

!

Figure ]3.. Generator feeder optton_ - option l, separate electromagnetic
clesi_n with dedicated feeders,

240V 2= AN-2 _ '

" ] 2oo,L_ )-_."3 32A

_ I ]S)VI82A 2, AN-2 [_]

Figure14 - Genermr-fNcbr,_tlon2- tinglegenormrandd_ll-
c_tedfeeders,(This_llon prod_sfortheII_bst anddmplest
_normr ¢m'lguretl0n.It doesno4_roddethedetlreeofIsola-
lienthatopUcmI prcd(b_.'
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Thkl opt}on wovld¢$ the ilmplelt end Ilghtest feeder configuration but the
lellR Imoun| of isolation I_alween the 13 KV and 400 HL oulputs.

F|gure 15. - Generator-fueder options - option 3, single generator dnd common
feeders.
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C_LOCONVERTER ON TI_EALL-ELECTRICAIRPLANE

Robert C. Webb

Ceheral Electric Company P
Binghampton, New York 13902

This paper discusses the applicationof a cycleconverterto a permanent-
magnet generator. Recent developments,advanced concepts, and advanced tech-
nology sy"Lems will be covered. Recent developments include permanent magnets,
permanent-magnetmotors and generators, and power semiconductors.

Figure I compares the coercive force as a function of induction for three
magnets. In the 1970's a revolutionarybreakthroughwas made in magnet level-

: opment that allowed them to be applied to high-powermotors and generators.
When the permanent m_gnet is used in a high-power generator, the control

_ermanent-magnetgeneratur apd exciter can be removed, as shown in figure 2.
Fhe generator is significantlysimplified and its efficiency increased. Fig-
ure 3 compares two 60-kVA-ratedgenerator rotors of comparable speed range. A
current wire-wound system and a permanent-magnetsystem are essentially equal
in weight, but the advances in magnet technology indicate that the energy
product will increase. This wi'l allow the use of smaller magnets; it will
minimize the containment, and it will increase speed. The result will be a
lighterweight motor Gr generator. Current rotor technology is based on blocks

• of permanent-magnetmaterial made into disks or wheels as shown in figure 4.
(It will probably not change much.) This allows some flexibility in changing
ratings by changing the numoer of wheels or disks.

For the last 15 years of cycloconverterwork variously rated generators
have used stud-mountedsilicon-controlledrectifiers (SCR) (shown in fig. 5)
mounted on a heat plate. This is a fairly common technology, but it has
created a cooling penalty. The bases on all of these SCR's were hot and also
had to be electrically isolated. Conducting the heat through the electrical
isolation is difficult and inefficient.

On the left of figure 6 is an SCR power module that GE developed, built,
and tested under a program sponsored by the Wright Patterson Aeropropulsion
Leboratory. We teok the C158 SCR and put it in a module with a dry interface.
Typically,dry interfacestend to create a problem because of the differential
expansionrates. Therefore we used structuredcopper in a hermeticallysealed
case and beryllium; so the base of the unit is electrically isolated but has
an excellent thermdl path as judged by er.istingtechnology. On the right in _

, figur_ 6 is an SCR developed in the last few year_. Until very recently tran- '
sisto_ with sufficientpower range in an individualdevice were not readily
available to apply in power conditioningfor aircraft electrical systen_s. The

• device is a 450-V, 200-A device.
_ ! GE has spent some time working on package development Figure 7 shows a

I very small package - about an I-I12 in. long and I/2 in. wide - containing a
" t_ 450-V, 200-A device. This package has the same type of construction as the
i power module shown in the previous figure, and it provides the same benefits.
! GE's advanced concepts for future aircraft electrical systems are shown _

in figure 8. The generator could be either integratedwith the engine or
mounte_ on the accessorygearbox. We expect that military aircraft generators
would be more likely to be integratedand com,_""clalaircraft generatorsmore
likely to be accessory gearbox mounted. We have shown an unconditioned,or
wild, frequency and voltage bus to be used for distribution and for some loads
such as electric deicing• However, conditionedpower (115 V, three phase,
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400 Hz) will probably always be required and could be provided with either a
cyc!oconverteror adc link. _irect-currentloads could be provided from the
wild frequency and voltage bus through trans,ormer rectifier supplies. Some ..
of the larger loads such as actuators, fuel pumps, and environmentalcontrol
systems (ECS) could be driven by _Icctric motors. We expect that they would
use permanent-maGnetmotors with a cycloconve_teror dc link for speed control.
In selecting either cycloconvertersor dc link, an ac distribution system would
seem to favor the cycloconverterand a dc distribution system would favor the
dc link.

Figure 9 shows the installationof an integral starter-generatoron the
TF-34 engine. The study that developed this installationwas l;mited to
existing engines. Although the results were quite reasonable, they probably
could have been _en better had a new engine design been used. If an engine
is to be equipped _'_than integral starter-generator,the best approachwould
be to design the engine and the starter-generatortogether.

Three GE programs touched on briefly are the 60-kVA variable-speed,
constant-frequencyVSCF starter-generatorprogram, which is ongoing; the
150-kVA VSCF starter-generatorprogram, which has been completed, and the
140-hp PM brushlessmotor, which has been developed. The Wright Patterso_
AeropropulsionLaboratory is sponsoring a program to take the permanent-magnet
technology developed by GE dnd flight test it on two A-lO's over a l-year
period (fig. 10). This is th9 next step in the evolution of a permanent-
magnet starter-generatorsystem on an airplane. The large housing on the right
end of the generatorcontains a gearbox to match the generator speed to a
starter pad on the engine. The actual generator is quite small. The package
to the right of the generator contains the cycloconverterwhich controls the
generator during its use as a starter and also allows the two generators to be oG

paralleled. The cycloconverte_package is not a final flight desi_Figure 11 is an artist's rendering of a cross section of the _ZkVA
permanent-magnetgenerator. It is a high-speeddesign with a dry-cavity con-
struction. This eliminates the problem of oil getting into the air gap and of
trying to design effective bore seals and slingers. This construction does
require that the stator end turns depend on conduction for cooling. We used a
ccntained oil system for cooling, which is similar to the cooling systems on
other typ_s of generators.

The cycloconverterhas the inherentcapability of bidirectionalpower
•low {fiq. 12). Thus combining it with a permanent-magnetgenerator that does
not have an exitation problem at standstil_results in the ideal system for an
ac _tarter-generator. Only a minimal change in the cycloco;mverteris required
for rotor position sensing during standstill. The change in system weight is
insignificant. There is approximatelya 7-percent system part-count increase
and only a 4-percent decrease in reliability.

Figure 13 shows drag torque plotted against input drive shaft speed for
the TF-34 engine. It also shows the starter-generatoroutput torque. When GE
originally started this program, It was planned to have a 60-kVA system to go
on the A-IO. The A-tO has a 30140-kVA system. It was originallyconceived
that it would require 60 kVA to start the engine. With some of the circuit
and system improvementswe have been able to employ, the TF-34 can be started

_ at 40 to 45 kVA. how let me present so_ differences between the permanent-
magnet system and an alr-start system. An air-start system has a high impact
torque and a real decaying curve, so that at high speeds there would be minimal

_:',il torque. The electric starter-generatorconcept gives a much higher torque athigh speed. From lightoff to idle the starter-generatoris fdster than the
_ T air starter, but from initial rollover to _ightoff the reverse is true. For

c,

i
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the TF-34 engine the electric starter-oeneratorwas a couple of seconds faster
than the air starter.

The A-tO program will have both engines dedicated to the 60-kVA system,
but the air-startersystem will be left on as a backup. The auxiliary power
unit (APU) will serve as a backup for electric power in case something goes
wrong with the generators because these are not fligh_ test airplanes. They
are tactical airplanes that will be used in their common training mission.
The configuration is shown in figure 14.

In 1981 we conducted an A-IO engine start test at the Air Guard open-air
test facility in Syracuse, New York. We have done numerous laboratorytests
where we simulate the engine drag-torquecurve. We have tested it with equiv-
alent generatorson a ground power cart, but we still did not know what would
happen in the flight test program. The Air Guard test was a way of minimizing
risks and finding out how well the system works. We used the standard Air
Force ground power cart, A/M32A-60, on an actual TF-34 engine. The test setup
is shown in figures 15 and 16.

We did three motorings before turning u,_the fuel and ignition to find
out how the system worked. Each time the system performed as had b_en antici-
pated; then we did a total of three starts. I was i_itially concerned that
the start times were so high. It turned out that the engine had a dead set of
ignitors and it was taking 11 to 12 sec for the fuel to ignite. The start
times were sti]1 2 to 3 sec faster than with the air starter.

In February 1982, we set up and ran a test at GE Lynn, where the TF-34 is
manufactured. We worked out an arra_§ementto do starting and generating as

__ part of their component improvementtest (CIT) on a new turbine section

(fig. 17). A diagram of the Lynn engine test cell is shown in figure 18. We
mounteda generator on the engine. The converter was on the catwalk above the f(_
engine. We wired the start switch and the disconnect switch into the engine
control console and fabricated a load bank with 30 kVA and a 0.7 power factor.
The choice of 30 kVA was based only on the availabilityof resistors and
inductorsto make that load bank.

Figure 16 shows AMT-IIIR, a factory test cycle used for accelerated life
testing. During this cycle the throttle goes from maximum to minimum power
nine times. This is followed by a slow deceleration, a return to idle, and a
5-min shutdown. Then the cycle is repeated. We thought - based on our labo-
ratory tests - that we could run the motoring in a continuous mode. The pres-
ent air-starter system has an overheati_igproblem if run continuously. There

_ is sufficientoil circulation in the idle position to cool the generator. The
cycloconverter is a fan-cooled device: whenever it operates in the start mode,

; the fans are on. Thus there was no limitationon cooling and we could use
extended motoring.

In a typical CIT program with the air-starter system, four or five fail-
ures occur during accelerated testing. We performed 434 electrical starts and

_ operated the converter for 432 hours with no failures and no unsuccessful

I starts. The system operated so smnothly that we were able to leave after the
first week and a half and allow the regular test personnel to conduct the

i nder of the testing.

'_:i remaiFigure 20 shows the 150-kVA VSCF starter-generatorsystem. On the basis_ of the drag-torque data availablefor the E engine, this starter-generator _
could provide acceptable start times for that engine. The Ea engine is very

! difficult to start because of its high cycle pressure ratio. The 150-kVA

starter-generatorwas built as a potential starter for the F-101 engine used
on the 8-I bomber. Figure 21 shows the cycloconverterused wit, the _50-kVA
starter-generator. The package is a laborator_design and t_erefore is larger
than a f11ght system would be.
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Weapplied this technology to a brushless, high-speed, permanent-mag_et
motor,shownin figure22. The motor,whichwas designeofor a torpedopropul-
sionprogram,won the 1981IR-IO0award. The motor produced5 hp/lbfor a
O.2-1b/hpspecificweight. The 504 powertransistorwas controlledoff a
battery,so it employedessentiallythe dc-linkapproach.

The trend is towardmoreelectrical,loadson airplanes.The electrical
systems on the airplanes in inventory today are not of sufficient size to start
manyof theseengines. On most new airplanes-- particularlythe new military
airplanes-- it appearsthat the electricalloadwillexceedthe startingload.
Permanentmagnetswill continueto be a realconsideration.Energyproducts
are indicatedto be rising. The onlyunfortunatefactorthere is thatall of
the significantresearchin magnetsis beingdone in Japan and the Peoples
Republicof China. Very littlesignificantwork is beingdone in the United
Statesinmy opinion. Largebrushlessmotorswill takeon a more and more
activerolein fuelpumps,environmentalcontrolsystems,otherpumps,and
actuators.The futureof hybridelectricpowergeneratingsystemsis not clear
cut. Evolutionof a generatorintegralwith the enginewillremainpeculiar
to militaryaircraft.

_4

i
1 176

1984001988-170



ORIGINAL PAGE iV
OF POOR QUALITY

A 13_ICC _ 12
I0

ALI_ICO IX_ B _o6 q

2

I [ o

10 8 6 4 2

COERCIVE FORI'_ - K'[ LO OERSTEDS

Figure I. - Con,parison of magnets. 'G

- o,

,: WOUND ROTOR

I--CT--I EXC,T_R,O,OR1 _ l""N _,,,,N , r-----_ .^
GENERATOR AIR /u

J _,b,",o t ROTATING30 _'_RcOlf_clNGc_[,EL o _'/_GFNER 0 HCONVERTER_LOADS

, i_'_i ,_tINDING$ ii......._ I.;,.,,.GW,.O,.,Gy'/_"TO",, ,
i ,,_ _/////////7/. -

i / IP,,_I _,.R.,LOI"... /MA_[[IC J STAtOR J STATIONARYWINOINGJ MAGN['TIC MAGNETIC

,_ _ COIIPLING L.._ t COUPLING COUPLING
F_mER,TORI
/v°uA_ I
/ R[GULAIO, I

SOLID ROTOR

MACNEI GEN[RATOR _ CONVERIER TO
ROTOR STATOR LOAO$

MAGN(TIC
COUPLING

Figure 2. - Comparison of wound and permanent-magnet (solid) VSCF systems.

177

1984001988-171



Figure3. - 60_kVAgeneratorrotors.
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Description
Horsepower 141
Speed 20 K RPM
Weight 31 Ibs
Rotor Dia. 3.8 inches
Stack 2.8 inches

Figure 22, - Brush]ess, high-speed permanent-magnet motor.

i

188

7

1984001988-182



1V84 1007C

ALL-PURPOSE BIDIRECTIONAL FOUR-QUADRANT CONTROLLFR
..

Irving G. Hansen
National Ae-onautics and Space Administration

Lewis Research Center
C _.veland,Ohio 44135

The basic conventions for defining power f_ow are illustratedin fig-
ure 1. The circuit in the upper left of figure 1 defines a positive voltage
source and positive current flow. When the current and voltage are plotted as
on the upper rlght, they define positive power flow to the load and fall in
the first Quadrant. With a negative voltage source and a negative current
flow, as shown in the lower left of figure 1, the power flow Lo the load is
still positive, but it falls in the third Quadrant as shown in the lower
right. Thus positive power, or power flowing to the load, falls in either the
first or third Quadrant. The other two Quadrants are obviously negative power
(+I x -E or -I x +E) and represent power flowing from the load. In the second
indfourth Quadrants the load is acting as a power source.

Figure 2 shows an example of a bidirectional load. With the switch in
the position shown, the battery is powering the motor, which in turn is
driving a flywheel. When the switch connects the motor to the resistor, the
only source of energy in the circuit is the rotating motor and flywheel.
Assuming an ideal motor with no inductance and proper excitation, the motor
would act as a capacitor. The voltage would remain constant, but the current
would reverse and flow from the motor, now in a generating mode, to the re-

_ sistor. This is illustratedon the plot in the lower'half of figure 2 by the f_
arrows pointing downward from the point in the first Quadrant to the point in
the fourth quadrant. Since with actual motors inductancewould be present,

_ the trajectory would be more like the other path of arrows with the current
i remaining constant and the voltage decreasing and even going negative before

; reaching the point in the fourth Quadrant. In this example the energy flow is
bidirectional and several Quadrants are involved in the transition of energy
from one point to the other. The purpose of the bidirectionalfour-quadrant
controller is to control the flow of energy between the various quadrants.

Figure 3 is a Lissajous pattern showing the locus of operating points for
a load. With a sinusoida] voltage and current, and with some phase angle be-

c tween them, the locus of operating points forms an ellipse as plotted in the
figure. If the load were purely resistive, the ellipse would collapse into a
line lying in the first and third quadrants only. That is because a pure re-
sistance operates only as a load and not as a source. However, with a load

.. containing both resistance and reactance, energy is stored and released as
_ well as dissipated and the locus extends into all four quadrants. Again, re-

viewing the basic definition, the load is dissipative in the first and third
quadrants and is a source in the second and fourth quadrants.

_. A resonant circuit, since it ha_ both resistance and reactance,operates
CT in all four quadrants. This means that it can either deliver or accept power; ,

_!) hence it is bidirectional. There will be limits on the voltage and current asshown in figure 4. The circuit will not support a voltage above the line

_] labeled voltage limit nor accept a current above the line labeled currentlimit. If the resonant circuit is connected to a source each time the locus
occupies the first quadrant (or the third quadrant with inversion),the load

__ presented to the source will be a steady dc load. The load voltage and cur-
rent will always be the same value each time the switch is closed. This

;89

1984001988-183



illustrateshow a resonant circuit can accept dc power. If a point on the
locus were chosen in the second or fourth quadrant, the resonant circuit would
act as adc source instead of a load. Alternating-currentoperation is a bit
more complicated since the switch must be closed and inverted at different
times rath6r than for one fixed quadrant. However, if the switch closure is
controlled, frecuencies lower than the resonant frequency can be synthesized
either for loads or sources. Therefore, through the proper use of resonant
circuits and connecting switches, bidirectionalfour-Quadrantac and/or dc
power controllerscan be implemented.

Figure 5 shows a bidirectionalcontroller with associatedplots for both
terminal sets. The plot shown for terminal set 1 indicates that it is accept-
ing power, in this case a dc input. This is the same as the example discussed
previously,where the controller is acting as a dc load. The dashed lines on
the terminal 2 plot indicate the constant power limit at the output. Because

' of the law of conservationof energy the output power cannot be greater than
the input. However, the output can operate in either the _econd or fourth
quadrants and can provide either dc or ac. The controller can also be oper-
ated in an ac-to-ac mode. In that case the controller can be used to provide
power factor correction. However, the amount of correction possible is
limited by the available reactive power.

The upper half of figure 6 shows a half-bridge transistorizedseries-
resonant dc-to-ac converter. When one transistor is switched on, the current
from the dc source flows through the indLctor,the transformer,and one capaci-
tor. The current is initially limited by the inductance,gradually increases,
and then starts to be limited by the capacitor charging. The result is a t

quasi sine wave. The transistor is opened when the current goes through zero, f(_
and somecurrent flows in the opposite direction through the bypass diode
(causing the small bump in the waveform). The second transistor is then
turned on, and the current flows in a direction opposite to that of the first
transistor (causing an ac output). One very important point is that the tran-
sistors are switched off when the current passes through zero. This elimi-

: nates second breakdown,which is one of the major causes of transistor failure
in converter and invertercircuits. As a result, the series-resonantcon-
verter is considerablymore reliable than conventional converters, and the
transistorscan be operated at both high power levels and higher frequencies.
The output of this converter is a high-frequencysinusoid that has lower bar-

' monlcs and slower rlsetlmes than conventional square-waveconverters. As a
: result, the electromagneticinterference (EMIl is much less for this design.

The particular circuit configuration shown in figure 6 acts as a current
source at the output. This can be very desirable for operat,ng loads such as

_ motors, particularlyduring startup. When a current-limltedsource is used,
only the frequency needs to be controlled instead of having to maintain a
constant voltage-to-frequencyV/F ratio as is done with voltage sources.
This circultcan also be reconfigured to act as a voltage source by taking

:_ the output from the capacitors. Both types of configurationshave been
demonstrated.

_ To provide the final controlled output, the hlgh-frequencysinusoidal
_ power of the resonant converter is fed into the circuit shown on the bottom of :
:3_: figure 6. The switches are closed in pairs (synchronousrectification)to
_, connect the transformerto the output momentarily. The synthesizedwaveform
_ i1_ustratedis a sinusoidal ac of much lower frequency than the carrier.
_-_:_ Direct current of either polarity can be synthesized by closing the switches

to maintain one output terminal at the same polarity.

l
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Figure 7 shows a fully bidirectional resonant controller with resonant
bridges on both ends. This arrangement allows either port to be used as the
input accepting either ac or dc power. With this circuit arrangement one full
wave bridge is at the source c,_d, the other is at the load end, and the trans-
mission line between operates at the carrier frequency. The capacitance of
the line is made a part of the resonant circuit. This reduces the parts count
and makes use of the line capacitance that would be present in any case.
Systems of this configuration have been tested at 20 kHz with line lengths of
59 m, which is typical of the line length in a large transport aircraft. The
line loss was quite small.

Figure 8 illustrates an a_ distribution system configured for bidirec-
tional resonant power conversion. The distribution bus at the top of the
figure is the high-frequency transmission line as shown on the previous
figure. However, instead of just having an input/output circuit at either end
of the line, several loads or sources are paralleled on the line. The first
bidirectional converter on the left provides dc power to a storage device such
as a battery. If the power f_iled on the main ac bus, the storage device
would feed power back to the bus. The second converter is shown as an inter-
face for ground power. Any appropriBte type of power (dc, 60 Hz, or 400 Hz)
could be used to power other equipment connected to the main bus or even to
start the engines. Power could also be fed from the airplane to perform such
tasks as starting the engines of another aircraft. The next power converter
shown is provided to power various loads on the aircraft. An aircraft system
would have a number of these dedicated converters.

The basic purpose of this paper is to provide some information regarding
bidirectional four-quadrant resonant power conversion and describe possible
applicationsto aircraft electrical systems. As this technology has been .G
developed sufficientlyto demonstrate its feasibility,this is an appropriate
time to evaluate the benefits of its application to aircraft electrical
systems.
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RESULTS OF DISCUSSION SESSIONS
i

The workshop attendees separated into four groups to participate in
informaldiscussionson the following topics: machine technology,component
technology,systems, and controllers. A standard set OF Questions was pro-
vided to the groups as an aid to their discussion. Fhose Questions are as
follows:

(I) Is there a clear best direction or technology in your area? If so
what is it?

(2) If there is not a single clear direct:on, why is tllatso and what
needs to be done to arrive at _ single direction (or technology)?

(3) What are the effects of _ther aircraft systems and components on the
power system and its components? at needs to be done to accommoaate these
effects?

(4) What are your con_nentsregarding "o_n, various technologiesthat Lewis
personnel discussed during the presentation? Are there any concerns regarding
the applicationof these technologies?

(5) Are there any specific efforts that the group feels are important
and should be addressed?
The groups modified these Questions to some extent to fit their _rticular
topics. The results from each of the groups are discussed in the following
sections.

Machine Technology Discussion .,_sults

. The best direction for machine technology is to improve the materials
used in rotating machinery. The concensus of those involved in machi_e design
and fabricationwas that if better materials are available, better motors and
generatorscan be built.

A number of areas were suggestedwhere improvedmaterials are desirable.
The first was permanent-magnetmaterials. An improvementin the characteris-
tics of permanent-magnetmaterials, such as higher flux density, will result
in machines that are smaller, lightem, and more efficient. An improvement in
the manufacturingprocess that provides lower cost magnets will result In less
expensive machines. This would increase the number of applicationswhere
permanent-magnetmachines are practical.

The second area suggested for materials improvementwas lubricating
grease for machine bearings. Current lubricatinggreases have upper tempera-
ture limits well below the maximum ten_}eraturelimits of the rest of the
materials in a motor or generator. As a result, the machine cannot be
operated at its maximum capability. A higher temperature bearing grease would
correct this problem. Another problem is that a grease that works well at ]
high temperaturesdoes not work well at low temperaturesand vice versa. A
bearing grease with a wider operating temperaturerange would solve thls i
problem.

The third area of material technology development covered the advanced
technologies that Lewis is currently supporting, particularly Intercalated
graphite and Metglas. These materials would contribute to more efficient and
lighter weight motors and generators, and they should be developed to tFe
point where they can be used.

The group also suggested some othe_ =reds _k_t should be investigated.
The first area was thermal design, particular y the th_mal design of an
electromechanicml actuator for a flight conLro| surface. These actuators are
mounted in the flight surfaces of an atrcraf%, with no control on their
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environmentnor any active temperaturecontrols. As a resuIt, the temperature
excursionsmay be substantial.

The second area suggested for study was the packaging of power semi-
conductors, the weight of power semiconductorpackages is so large as to be
an appreciableportion of the weight of a controller. Lighter weight packages
that still provide adequate thermal control would be very desirable.

The third area concerned the bonding between magnetic and nonmagnetic
materials. This bonding is used in the constructionof the rotors of
permanent-magnetmachines, where high strength is very important. Although
techniauesare available to provide good bonds, they tend to be very expensive
and as a result are not always usec What is needed is a good inexpensive
method of bunding.

Component Technology Discussion Results

In the component area, no single direction was selecteo, rather a number
of component types were discussed and the suggested need for that type of co_-
ponent presented. One importantpoint made by the group was that any com-
ponent developmentwork needs to be accomplishedearly in a program so that
the devices are available for use when the system design effort begins.

The first area discussed concernea transistorcurrent ratings. It was
felt that the current capabilityof 500-V transistors is not large ef_oughfor
the power levels expected in aircraft. The suggested ratings for power tran-
sistors to be used in aircraft systems was 500 V and 400 A (gain of 20).

The second area of discussion concerned transistor surge currents, par-
-_ ticularly in the higher voltage transistors. Transistors are currently avail-

able with IO00-V, IO0-A ratings. However, their surge current capability is
. not well defined. The suggestionwas to evaluate the surge current ratings of

existing transistors. The desired ratings are gOO-A surge current for an
800-V, IO0-A (gain of _]) transistor.

The third area covered transformers,particularlywith regard to their
_ packaging. The basic transformer_iectrical designs are probably adeauate to

power levels of I00 kW. However, improvementsin the packaging design could1
provide substantialweight reductions,greater reliability, and better
efficiency.

The next area discussed was capacitors. The advanced-technologycapacl-

tors discussed at this workshopmet n_ostof the reauirements. However, the
"i group felt that higher temperaturecapabilitywas definitely needed. Use of ,
,_ fuel for cooling electronics on an aircraft requiwes a capacitor operating

temperatureof about 100" C.
Swltchgearwas also discussed, but it was felt that an operating range

"I was more appropriatethan a specific rating. The operating voltage range was
4 selected at 115 to 300 V. This level was felt to be sufficientlyhigh for
,_l weight and efficiency benefits but not so high as to cause corona problems.
_I The frequenciesselected were dc an4 400 to 3000 Hz. The ac range covers the i

currently used 400 Hz to 3000 Hz, which ts about as htgh as the group expectedto see in the near future. Direct current has already been selected for some i
appllcatlons. The expected current range Is from 1A for small loads to 300 A !
for a main circuit.

The ftnal area of discussion covered high-temperature electronics. Elec- _
tronlcs could be used on the engines of aircraft much more eastly and reltably
If their operating temperature was around 300° C. One of the appltcatton_ i
would be a contro_lerfor an electrlc f,:elpump. High-temperatureelectronlcs
also has benefit when used elsewhere on the aircraft stnce the cooling problem
is much reduced.
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Systems Technology Discdssion Results

The system technology group auickly came to the conclusions that there is
no one best power system for all applications and that there probably never
will be. Instead of trying to select a number of acceptable systems, they
tried to define what the characteristic_ of a power system should be for an
aircraft with all-electric secondary power. The first characteristics defined
were that a]] secondary power for the aircraft is supplied by the electrical
generators and that these Qenerators serve as starter motors for the engine.
The second characteristic addressed was the types of power requirements.
These were defined as flight critical, mission critical, and noncritical. The
flight-critical power is required to maintain control of the aircraft and
includes power to the primary flight control surfaces. This is a new level of
criticality for aircraft electrical systems since most aircraft can fly with
the electrical system inoperative. Mission critica] is that level of Dower
necessary to complete the planned mission. Noncritical power may cause some
inconvenience but has no effect on the safety of the mission.

An aircraft with all of its secondary power supplied electrica]ly will
require an electrical system substantially larger than those on current air-
craft. As a result, energy management becomes more important. Three charac-

4, teristics of energy management were defined as follows: transmissioneffi-
ciency, load management, and thermal management. The delivery of large Quan-
tities of power reauires efficient transmissionto keep the losses small.
Some of the loads, such as the environmentalcontrol system, are very large

° and they must be switched on and off the bus in a controlled fashion so they
do not affect the power auality. Even with a very efficient system the losses .
will be large since the system itself is large. Effective means must be

established to dissipate these losses to prevent excessive component
: temperatures.

An aircraft with all-electric secondary power will also probably have a
digital fly-by-wirecontrol system. The power managementcontrol system will

i also be digital, and it must be compatiblewith the flight control system.
_ This generation of aircraft could also have composite structures. The power
i system architecturemust be designed with the nonconductivityof composite

structuresconsidered.
The next area that the systems group addressed was the state of the tech-

nologies for aircraft power systems. The technologieswere categorized as to
i readiness date as follows: existing, near term (1990), and far term (2000 and

.__ beyond). Table I shows technologies associatedwith power generation and the

i grOUD'S assessmentof the readiness dates. Table II shows the dates for data
- handling and electromechanicalactuators. Table III shows the readiness

_ i assessmentfor powe,"distributionand control technologies. These figures

..( indicatethat much of the technology appropriatefor aircraft electric power _

i! systems needs some development effort. Most of the readiness dates fall into

the near-term (1990) category. This indicatesthat the technology necessary
for a viable all-electricairplane can be available in the near term. How-
ever, the development effort must start now if that technology readiness date
is to be met.

The group expressed a concern that there is no power systems program cur-
rently in progress at Lewis. They felt that such a program should begin

soon. This program is needed to integrate the various technology areas and toevaluate the risks associatedwith each of these Jreas. In addition, the
far-term technologies should be evaluated as to their payoff. If it is suffi-
cient, these technologiesshould be accelerated to meet the near-term date.
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Controller Technology Discussion Results

The members of this discussion group decided that the bidirectional
resonant controller is clearly the best direction for control of power in an
all-electric airplane. The primary reason for this selection was the versa-
tility of this type of control_er. Its bidirectional capability allows it to
control the power for engine starting as well as during the generating mode.
Because of its v_riable-freauency output it can provide speed control for
motor loads such as actuators or environmentai control system drives. The
output is adjustable to form sine waves, sauare waves, and dc and any reason-
able shape in between. Since the logic circuits of the various controllers
are identical, they can be used to provide redundancy. Besides this versa-
tility, the resonant controlle_ is very efficient, with values in the 95 per-
cent range. Also, because ef the high frequency of operation (20 kHz) they
are lightweight.

The primary effect of the resonant controller on the rest of the power
system and on other systems is its rapid response to failures. The controller
output can be turned off twice every cycle of ooeration. Since the resonant
circuit oscillates at 20 kHz, it can be turned off only a few microseconds
after a failure is detected. In many instances the current could be inter-
rupted before the fault fully developed Also, the energy stored in the
resonant circuit of a typical controller is only about I joule. This limits
the energy that can flow into a fault before it is interrupted. The basic
message is that faults can be isolated rapidly and with minimum damage to the
rest of the system.

The group made a number of comments regarding technologies associated
with controllers. The first was directed toward semiconductorsand thelr
limited temperaturecapability. The group felt that semiconductorsare forced
to operate near their temperature limits because of the environmentthey are
placed in. A higher temperature semiconductorsuch as gallium arsenide would
be very effective in improving the reliabilityof controllers. If higher tem-
perature semiconductorsare not Forthcoming,the thermal design using current
semiconductorsneeds careful attention. The reliabilityof the other com-
ponents used in controllers needs to be evaluated. _is is particularlytrue
for transformers,which to date have been one-of-a-kl,ddesigns. The group
felt that redundancymanagement should be a part of any systems study. The
physiology of high-frequencypower needs to be investigated,both physical
contact as well as audio reception.

The group made a number of recommendations. First, they suggested an
early standardizationof control logic interfaces. This would reduce dup,ica-
tion of design efforts, provide more sources for hardware, and insure compati-
bility between manufacturers. Second, they recommend that the stability of
the resonant controller be evaluated, particularlyunder transient condi-
tions. And third, they suggested that the electromagneticinterferenceof a
high-freauencycontroller needs study. There do not appear to be any techni- i
cal inpedimentsto the resonant controller approach, but it is not a mature J
technology and much work needs to be done.
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= TABLE I.- POWERGENERAI'IONTECHNOLOGIES

Technology Potentialtechnologyreadinessdate

ExistingL Near term Far term
! (19go)
I

Integratedstarter-generator 1 o
Gearboxgenerator o
Permanentmagnet o
Woundrutor o

Supercondwcting o
300-hp/ftm APU o

TABLE If. - DATA HANDLINGAND ELECTROMECHANICJ_LACTUATORTECHNOLOGIES

Technology Potentialt_chnologyreadiness date

Existing Near term Far term
(19.o0)

Standardd_ta bus o
Fiberoptics o
Autonomouspower system o

i Centralprocessingunit o
Heat-pipecooling o .f
Cryogenics o

E_: _(_

Flightcontrol o

i Enginecontrol o:- Integralactuatorpackage o

TABLE III.- POWER DISTRIBUTIONAND CONTROLTECHNOLOGIES

Technology Potential technology readiness date

Existing Near term Far term
(1990)

, High-power motor controller o
High-power bus control

ac 0

"_ Soltd state o i
Sol Id state/electromechanlcal o
Low-forward-drop sol i_ state o

Li ghtwei ght conductors o
Flat cable and teminator o

i_ t;entral load management o

Olstrlbuted load management o
Integrated load managment/avlonlcs o
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